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  I 
Kurzfassung 
 
FeCrAl Legierungen sind für ihre exzellenten Oxidationseigenschaften im Temperaturbereich bis 
1200°C bekannt. Die Lebensdauer dünnwandiger FeCrAlY Heizelemente wird durch das 
Oxidationsverhalten bestimmt, genauergesagt durch die Verarmung des Aluminiumreservoirs 
der Legierung infolge des Aufwachsens einer Aluminiumoxidschicht. Hierbei zeigt sich mit 
steigender Temperatur eine deutliche Abnahme der Lebensdauer. Die vorliegende Arbeit befasst 
sich mit dem Ziel, die Lebensdauer von Heizelementen durch die Erhöhung der  Emissivität der 
aufwachsenden Aluminiumoxidschicht zu steigern. Dies ist möglich, da eine erhöhte Emissivität 
die Absenkung der Einsatztemperatur von Heizelementen erlaubt, ohne dabei die abgestrahlte 
Wärmemenge zu vermindern. Aus diesem Grund wurden die Oxidationsmechanismen einer Zr 
dotierten FeCrAlY Legierung als Funktion von Zeit, Temperatur, Zusammensetzung und 
Materialdicke untersucht. Zum Einsatz kamen dabei u.a. Thermogravimetrie, optische 
Mikroskopie, Elektronenmikroskopie, Transmissionselektronenmikroskopie, 
Ionenfeinstrahltechniken, Sekundär-Neutralteilchen-Massenspektrometrie und 
Glimmentladungsspektroskopie. Die Emissivität der Oxidschichten wurde bestimmt, indem die 
Reflektivität oxidierter Proben als Funktion der Wellenlänge gemessen wurde. Anschließend 
erfolgte die Korellation dieser Ergebnisse mit der Morphologie der Oxidschichten als Funktion 
der ursprünglichen Legierungszusammensetzung und Probenvorbehandlung. 
 
Die Ergebnisse zeigen, dass es möglich ist die Emissivität von Aluminiumoxidschichten durch 
gezieltes Zulegieren von Zr zu erhöhen. Der zugrundeliegende Effekt beruht auf einer Änderung 
der Oxidmorphologie (Einbau von Zirkonoxidausscheidungen in der Oxidschicht und wellige 
Grenzfläche zwischen Oxid und Legierung). Während der Langzeitauslagerung 
bei hohen Temperaturen werden die Emissivitätswerte allerdings durch die Verarmung von Zr in 
der Legierung beeinträchtigt, insbesondere bei dünnen Komponenten. Die Erhöhung des 
Zirkongehaltes der Legierungen zeigte einen positiven Effekt auf die Emissivität der 
Oxidschichten, aber gleichzeitig einen nachteiligen Effekt hinsichtlich der Oxidationskinetik. 
Dieser nachteilige Effekt trat jedoch kaum bei sehr dünnen Materialien auf, aufgrund des hier 
sehr begrenzten Reserviors an Zr. Ein optimierter, hoher Zirkongehalt wäre ein 
vielversprechendes Konzept zur Steigerung der Emissivität und somit Verlängerung der 
Lebensdauer dünnwandiger Heizelemente mit einer Dicke von typischerweise 50 - 200µm. 
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Vorbehandlung der Legierungen in H2-H2O haltigen Atmosphären (niedriger pO2) 
führte zu steigender Emissivität, vermutlich durch einen erhöhten Fe(und Cr)-Anteil im äußeren 
Bereich der Aluminiumoxidschicht. Widerstandsheiztests verschiedener, ausgewählter, dünner 
Heizelementfolien (50µm) zeigten, dass die Erhöhung der Emissivität geeignet ist die 
Lebensdauer zu steigern. 
 
Eine kurzzeitige (1h, 7h) Vorbehandlung bei 1050°C in H2/H2O führte zu einer geringeren 
Oxidationsrate während der nachfolgenden Oxidation in Luft bei der gleichen Temperatur. Ein 
ähnlicher Effekt wurde durch sehr kurze (~15min) Voroxidation bei 1200°C in Luft erreicht. 
Somit besitzen beide Vorbehandlungen, obwohl sie keinen substantiellen Einfluß auf die 
Emissivität der Oxidschichten zeigen, das Potential zur Verlängerung der Lebensdauer, da sie die 
Kinetik der Aluminiumverarmung verlangsamen. 
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Abstract 
 
FeCrAl alloys are known for their excellent oxidation resistance at temperatures as high as 1200 
°C. The oxidation limited lifetime of thin-walled FeCrAlY heating elements is governed by the 
depletion of the aluminium reservoir from the bulk alloy as a result of alumina scale growth, 
whereby the lifetime is known to strongly decrease with increasing temperature. The present 
investigation aims at obtaining a heating element lifetime extension by increasing the emissivity 
of the growing alumina scales because this would allow using a lower heating element 
temperature without decreasing the usable heat output. For this purpose, the oxidation 
mechanisms of a Zr doped FeCrAlY alloy as function of time, temperature, composition and 
component thickness were investigated using a combination of experimental techniques such as 
thermogravimetry, optical microscopy, scanning electron microscopy, transmission electron 
microscopy, focused ion beam technique, sputtered neutrals mass spectrometry and glow 
discharge optical emission spectroscopy. The emissivity of the oxide scales was determined by 
measuring the reflectivity of oxidized specimens as a function of wavelength and correlated with 
the oxide scale morphologies as a function of initial alloy composition and pretreatment 
procedure.  
 
The results showed that an increased emissivity of the alumina scales as a result of a change in 
oxide morphology (i.e. wavy scale/alloy interface and incorporation of the Zr-oxide precipitates 
across the oxide scale) can be obtained by suitable Zr-doping of the alloy. The emissivity value 
during long term exposure at high temperatures is, however, adversely affected by depletion of 
Zr in the bulk alloy, especially in thin components. Increase of Zr content in the alloy showed a 
positive effect on the oxide scale emissivity but an adverse effect in terms of oxidation kinetics. 
The adverse effect, however, hardly occurs in very thin components due to the limited Zr 
reservoir. Therefore, an optimized high Zr content might be a promising concept for obtaining 
higher oxide scale emissivities and thus increased life times of thin foil heating elements 
typically with a thickness in the range of 50 – 200 µm. 
 
Pretreatment of the alloys in a H2–H2O containing atmosphere (low pO2) resulted in an increased 
emissivity, probably due to an increased Fe (and Cr) content in the outer part of the alumina 
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scale. Resistance heating tests for a number of selected thin heating element foils (50 µm) 
revealed the suitability of increasing emissivity of alumina surface scales for life time extension.  
 
A short term (1 h, 7 h) pre-treatment at 1050 °C in H2/H2O resulted in a lower oxidation rate 
during the subsequent air exposure at the same temperature. A similar effect was obtained by a 
very short (~15 minutes) air pre-treatment at 1200 °C. Thus, although both pre-treatments did not 
substantially affect oxide scale emissivities, they offer the potential for obtaining longer life 
times due to reduced Al depletion kinetics. 
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1 Introduction and Problem Definition 
 
 
The rapidly growing global demand for energy efficiency (to improve performance, to reduce 
energy consumption, to enhance reaction) requires metallic materials to be operated at higher 
service temperatures in many chemical engineering processes. However, increasing process 
temperature commonly has an adverse effect on the useful life time of metallic materials.  
 
FeCrAl alloys are well-known for their ability to withstand high temperatures in aggressive 
environments [1-5]. The formation of a thin and compact slowly growing α-alumina scale 
provides a barrier between the alloy and the oxidizing environments to which the alloys are 
exposed [6-8]. A very low lattice disorder of the formed α-alumina results in low diffusion 
coefficients and low growth rates compared to most other oxides [9, 10]. Due to these beneficial 
effects FeCrAl alloys are widely used as construction materials in industrial as well as domestic 
applications where the operating temperature is in the range of 900-1200 °C.  
 
Some of the notable domestic applications include thin heating element foils and wires (Figure 
1.1) in toasters, microwaves, cooking plates, heaters in boilers and washing machines etc. In 
industrial applications FeCrAl alloys are used as heating elements for furnaces, burner elements, 
hot gas filters and more recently in the car industry as the metal support for catalytic converters 
[11-13]. 
 
Despite the outstanding stability of the oxide scales even at temperatures above 1100 °C, the life 
time of the component is in many applications limited by oxidation. During the high temperature 
exposure the continuous formation of the protective oxide scale leads to a decrease of the 
aluminium reservoir in the alloy matrix especially in thin components. In addition to that, the 
aluminium reservoir is affected by scale spallation from the alloy substrate [14] under thermal 
cycling conditions. Continuous scale growth, spallation and re-growth of the protective alumina 
scale may after long exposure times finally result in formation of non-protective Fe-rich oxides 
leading to catastrophic breakaway oxidation and failure of the component [11]. Thus, an 
extension of component life for a given alloy requires a decreased rate of consumption of the Al-
reservoir.  
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Figure 1.1: Heating elements used in industrial furnaces [15, 16] 
 
Several authors [1, 3, 17-21] have shown that minor additions of certain rare earth or other 
oxygen active elements, particularly yttrium, either as a metallic addition or as oxide dispersion 
influence the oxide growth rate and enhance the spallation resistance of the oxide scales.  
 
FeCrAl alloys are frequently used in thin foil heating elements in the thickness range of 50 – 200 
µm. A typical composition of Fe-20Cr-5Al-0.05Y is commonly used for this application. 
Although this type of alloy possesses excellent oxidation resistance, the life time of the thin 
components at temperatures in the range 1000 – 1200 °C is limited due to the small Al-reservoir. 
Possibilities for lifetime increase by increasing either the component thickness or the aluminium 
content in the alloy are limited due to design requirements and formability problems 
respectively. Hence, it is necessary to find an alternative route to increase the life time of such 
thin walled components. The present investigation discusses a new approach for life time 
extension by an increase of the oxide scale emissivity obtained by suitable alloy doping. 
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2 Literature Review 
 
2.1 Basics of oxidation 
 
2.1.1 Thermodynamic considerations 
 
The possibility of a reaction between a metal and surrounding gas can be described by the second 
law of thermodynamics. In most cases during high temperature exposure temperature and 
pressure are constant, so the second law is most conveniently written in terms of Gibbs free 
energy (G′) [22]. 
 
STHG                                            (2.1)    
 
where H   is the enthalpy, T the temperature and S   the entropy of the system. Under these 
conditions the second law of thermodynamics states: 
 
ΔG′ < 0 spontaneous reaction 
ΔG′ = 0 equilibrium 
ΔG′ > 0 thermodynamically impossible process 
 
For a chemical reaction [23], e.g.: 
 
 
                 22 MOOM                                            (2.2)                                  
 
 
ΔG′ is expressed as: 
 
 
 









2
2ln0
OM
MO
aa
a
RTGG                                      (2.3) 
 
where ΔGo is the free-energy change when all species are present in their standard states, R the 
gas constant, T is the temperature and a the thermodynamic activity which describes the 
deviation from the standard state for a given species. 
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The activity for a given species may be expressed as: 
 
0
i
i
i
p
p
a                                                      (2.4) 
 
where ip  is either the vapour pressure over a condensed species or the partial pressure of a 
gaseous species and 0ip  is the partial pressure corresponding to the standard state of i. It is then 
possible to modify eqn. 2.3 replacing 
2O
a by the oxygen partial pressure 
2O
p : 
 









2
2ln0
OM
MO
pa
a
RTGG                               (2.5) 
 
For the special case of equilibrium  0G , eqn. 2.5 reduces to: 
 









2
2ln0
OM
MO
pa
a
RTG                                       (2.6) 
 
If the activities of M and MO2 are taken as unity, eqn. 2.6 may be used to express the oxygen 
partial pressure at which the metal and oxide coexist, i.e. the dissociation pressure of the oxide. 
 
        
2
ln0 OpRTG                                            (2.7) 
 
or: 
 
       RTGpO /exp 02                                       (2.8) 
 
The value of the dissociation pressure can be derived from the Ellingham/Richardson diagram 
(Figure 2.1), i.e. a plot of standard free energies for the formation of oxides as a function of 
temperature. Stabilities of the oxides can be directly compared on the diagram - the lower the 
position of the line on the diagram (lower dissociation pressure) the more thermodynamically 
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stable is the oxide. The dissociation pressure increases with increasing temperature and from the 
viewpoint of thermodynamics the tendency of metals to oxidize thus decreases with increasing 
temperature [24].  
 
        
 
Figure 2.1: Ellingham/Richardson diagram, showing standard free energy of formation of 
selected oxides as a function of temperature [25] 
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2.1.2 Kinetics of oxidation 
 
The Ellingham diagram can only explain whether under given conditions of temperature and 
oxygen partial pressure, oxide formation is possible or not [25]. Generally, the reaction rates and 
kinetics are the important factors to evaluate reaction mechanisms. In general, the reaction 
mechanism of a particular metal depends on a number of factors like pretreatment, surface 
preparation of the metal, temperature, composition of the oxidizing atmosphere and oxidation 
time [23].  
 
The basic oxidation mechanism of a metal or alloy has several steps as depicted in figure 2.2. 
The oxidation mechanism starts with the adsorption of oxygen on the alloy surface upon 
exposure to the oxidizing atmosphere. After that the adsorbed oxygen dissolves in the metal and 
subsequently leads to the formation of oxide nuclei which laterally grow on the surface. After the 
formation of a continuous oxide film, oxidation proceeds via solid-state diffusion through the 
film. As the reaction proceeds, growth or thermally induced stresses may result in crack or void 
formation. Oxides may also be liquid or volatile at high temperatures [23].     
 
In a dense oxide scale with sufficient thickness the reaction can proceed only through solid state 
diffusion. This occurs due to the presence of point defects in the oxide [23]. The oxides have an 
ionic nature with stoichiometric or nonstoichiometric compositions, however an exact 
stoichiometric composition in inorganic compounds is in principle an exception [24, 26]. Non 
stoichiometric ionic compounds are classified as semiconductors and may show negative or 
positive behaviour and thus different kinds of defects in the lattice. The classification refers to 
the fact that electrical charge is transferred by negative carriers (n-type semiconductors) or 
positive carriers (p-type semiconductors). Ionic and electronic transport processes through the 
oxide are accompanied by ionising phase boundary reactions and the formation of new oxide at a 
site whose position depends upon whether cations or anions are transported through the oxide 
layer [22, 24]. 
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Figure 2.2: Schematic illustration of metal-oxygen reactions [23] 
 
An understanding of the mechanisms of diffusion-controlled growth of oxide scales is 
fundamental to all high temperature oxidation and corrosion processes. The process of diffusion 
controlled oxidation can be explained by assuming that the rate of scaling is controlled by the 
transport of cations and/or anions across the growing oxide scale and that thermodynamic 
equilibrium is established at each interface. Figure 2.3 illustrates the scheme of this diffusion 
controlled scale formation according to Carl Wagner’s model [22]. 
 
Considering the case that the diffusing species are cations, the outward cation flux, 2Mj  is equal 
and opposite to the inward flux of cation vacancies. 
 
According to Fick’s first law of diffusion, 
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x
CC
Djj MM
MM
VV
VVM

2                                 (2.9) 
 
 
Here x is the oxide thickness, 
MV
D is the diffusion coefficient for cation vacancies and 
MM VV
CandC  are the concentrations of cation vacancies at the scale-metal and scale-gas 
interfaces, respectively. 
            
 
          
                                       
 
Figure 2.3: Schematic illustration of diffusion controlled oxidation [22] 
 
As thermodynamic equilibrium is established at each interface, the value of 
MM VV
CC  is constant 
and the equation reduces to  
                                                 
dt
dx
V
j
ox
M
1
2                                                       (2.10) 
                                                        
                                                       
x
k
dt
dx 
                                                          (2.11) 
where Vox is the molar volume and k′ the scaling constant. 
 
Integrating and noting that x=0 at t=0 leads to, 
 
                                                       tkx  22                                                        (2.12) 
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where t is the time. 
 
This is the general parabolic rate law describing oxide thickening if diffusion processes in the 
scale are rate limiting. 
 
The parabolic law is of great importance in oxidation of engineering alloys. According to this 
law, the oxide growth occurs with a continuing decreasing oxidation rate. Most of the metals and 
engineering alloys undergo parabolic kinetics at elevated temperatures [25].  
 
However, it is important to note that in real systems, such as FeCrAl alloys, oxidation kinetics do 
frequently not fit the parabolic rate law due to more complex oxidation reactions [12] (compare 
section 2.3.2, Sub-parabolic oxidation).  
 
2.2 Oxidation of alloys 
 
In actual practice, alloys rather than pure metals are used in various high temperature 
applications. However, the presence of more than one element in the alloy renders the 
mechanism of oxidation of alloys relatively complex compared to that of a pure metal [25]. The 
formation of a slowly growing surface oxide scale and a well-adherent oxide layer are the 
essential requirement for high temperature alloy design. Important information for designing 
industrial alloys can be obtained from the Ellingham/Richardson diagram (figure 2.1) in which 
the standard Gibbs free energy of formation of oxides is plotted as a function of oxidation 
temperature. It is clearly visible that the oxides of iron, nickel and cobalt which are the basis for 
the majority of engineering alloys, are significantly less stable than the oxides of some of the 
solutes (e.g. Cr, Al, Si etc.) in these alloys. When one of these solute elements is added to iron, 
nickel or cobalt in a sufficiently high concentration, the base alloy may be protected due to 
formation of a slowly growing oxide on the surface. This is the basis of protection for most of 
the engineering alloys [25]. 
2.2.1 Internal oxidation 
 
Internal oxidation or subscale formation is the formation of oxide precipitates of one or more 
alloying elements within an alloy. It occurs when oxygen dissolves in the alloy and diffuses into 
the alloy matrix. Oxygen dissolution can occur either at the oxide/metal interface or on the alloy 
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surface if no external scale is present. There are some beneficial effects of internal oxide 
precipitates, for example, they can strengthen the base alloy and if formed at grain boundaries in 
the alloy, restrict grain boundary sliding [25]. 
 
The principles and kinetics of internal oxidation can be explained by considering a planar 
specimen of binary alloy A-B and assuming that the ambient oxygen pressure can oxidize only B 
(dilute solute, forming very stable oxide) and too low to oxidize A [22, 23].  
 
The overall reaction can be written as dissolution of oxygen gas in the metal as oxygen atoms: 
 
½ O2 = O (diss)                                        (2.13) 
 
The subsequent reaction of dissolved oxygen atoms within an alloy may be written as, 
 
B (diss) + υO (diss) = BOv                       (2.14)        
                         
The necessary conditions for the formation of internal oxidation are [25], 
1. lower free energy of formation of the internal oxide BOv as compared to the base metal 
oxide (ΔGO for BOv < ΔG
O
 for AO ) 
2. negative value of ΔGO for reaction 2.14 
3. low concentration of the alloying element B 
 
By assuming a quasi steady state condition for the case that no external scale of A-oxide is 
formed, the dissolved oxygen concentration varies linearly across the internal oxidation zone. As 
a result, the oxygen flux (J in mol cm
-2
 s
-1
) is given by Fick’s first law [22], 
 
                                        
m
s
XV
N
D
dt
dm
J
)(
0
0                                  (2.15)         
                
where N0
(s)
 is the oxygen solubility (atom fraction) in A; X is the depth of the internal oxidation 
zone; Vm the molar volume of the solvent metal or alloy (cm
3
mol
-1
) and D0 the diffusivity of 
  11 
oxygen in A. The concentration profiles for the internal oxidation process are shown in figure 
2.4. 
 
                                             
Figure 2.4: Concentration profiles for the internal oxidation of element B in alloy A–B [22] 
 
In most cases, the counter diffusion of B atoms is negligible compared to the oxygen diffusion. 
Consequently the amount of oxygen (m in mol cm
-2
) accumulated in the internal oxidation zone 
per unit area of the reaction front is,  
                                          )
)(
m
o
B
V
vXN
m                                         (2.16) 
where NB
(O)
 is the initial concentration of the alloying element B in the alloy, ν is the number of 
moles oxygen per mole oxide and X is depth of the internal oxidation zone. Differentiation of 
eqn. 2.16 with respect to time yields,  
 
                                                           
dt
dX
V
vN
dt
dm
m
o
B
)(
                                       (2.17) 
 
From eqn. 2.15 and eqn. 2.17 we get 
 
                                                        
dt
dX
V
vN
XV
N
D
m
o
B
m
s )()(
0
0                                  (2.18)     
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Rearranging eqn. 2.18 leads to, 
 
                                                        dt
vN
DN
dXX
o
B
s
)(
0
)(
0                                       (2.19) 
 
Integrating eqn. 2.19 by assuming X=0 at t=0, yields 
 
                                                         t
vN
DN
X
o
B
s
)(
0
)(
02
2
1
                                        (2.20) 
or eqn. 2.21, 
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This eqn. 2.21 gives the penetration depth of the internal oxidation zone as a function of reaction 
time. It reveals that the penetration depth exhibits a parabolic time dependence (x ~ t 
1/2
). 
2.2.2 External scale formation 
                           
The transition from internal to external oxidation is the basis for the design of oxidation resistant 
high temperature alloys. The development and maintenance of a continuous external scale (e.g. 
alumina) requires that two criteria have to be satisfied [27]. First, the solute concentration in the 
alloy must exceed that necessary for outward diffusion to prevent internal oxidation [28]. This 
criterion may be expressed as: 
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where  1EN is the mole fraction of the given element (here Al), g* is a critical value for transition 
from external to internal oxidation of the parameter (g=f(Vox/Vm)), commonly assumed to be 0.3 
[29], NO is the oxygen solubility in the alloy, DO is the diffusivity of oxygen in the alloy, Vm and 
Vox are the molar volumes of the alloy and oxide, respectively and ED
~
 is the alloy interdiffusion 
coefficient.            
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The second criterion is that, once a continuous external scale is formed, diffusion in the alloy 
must be rapid enough to supply the solute at least at the rate it is being consumed by scale 
growth [30]. This criterion may be expressed as: 
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where kp is the parabolic rate constant for growth of the external scale, measured in terms of 
scale thickness and   is the number of moles oxygen per mole oxide [27]. 
 
2.3 Oxidation of FeCrAl alloys 
 
Among the corrosion resistant alloys, FeCrAl alloys are some of the most oxidation resistant 
materials available for use in high temperature applications, above 1000 °C, where harsh and 
highly corrosive environments exist [31]. This is possible due to formation and long term 
maintenance of the protective oxidation product – an alumina scale [32].  Al2O3 (melting point 
2072 ºC) is the only thermodynamically stable solid oxide in the Al-O system. In FeCrAl alloys, 
due to the selective oxidation of aluminum, the formed oxide scale mainly consists of Al2O3, and 
among various structural forms α-alumina, with a corundum structure, shows the smallest growth 
rate. The oxide exhibits a low volatility. The results of self diffusion and oxidation studies 
revealed that the oxygen diffusion along grain boundaries is predominant in the oxidation of 
Al2O3 forming alloys at temperatures between 900 and 1300 ºC [26]. 
 
The oxidation of FeCrAl alloy comprises of three stages as shown in figure 2.5 [33]. Even if an 
alloy contains the required amount of aluminium to form the protective oxide scale, usually it 
never happens immediately upon oxidation. During the initial or transient oxidation stage, upon 
exposing a clean alloy surface to the oxidizing atmosphere, the oxides of essentially every alloy 
constituent may be formed according to the concentration of the elements in the bulk alloy. In 
this stage the oxide nuclei with high intrinsic growth rate, for example Fe-oxides overgrow the 
nuclei of the slower growing oxides, Cr2O3 and Al2O3. Due to this overgrowth formation a 
relatively high initial rate of oxidation may occur during the exposure. After that the underlying, 
stable and slower growing component starts to grow laterally and forms a continuous protective 
oxide in the faster growing oxide matrix. The time at which steady state oxidation begins is a 
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function of alloy constitution, process temperature and nature and composition of the 
environment. The steady state oxidation occurs when the rate of oxidation is controlled by the 
protective oxide scale. All oxidation resistant alloys depend on this steady state period for 
continued protection. However, after the selective removal of the protective oxide forming 
element during long term exposure a rapid formation of the non protective Fe oxides leads to the 
end of component life by breakaway oxidation [34, 35]. 
 
                      
Figure 2.5: Schematic representation of the oxidation induced chemical failure of FeCrAlRE 
alloys [33] 
 
2.3.1 Effect of reactive elements addition on the oxide scale adhesion and growth rate 
 
It has been known for many years that the addition of rare earth or other oxygen active elements 
may significantly improve the oxidation resistance of FeCrAl alloys. A wide variety of reactive 
elements such as Y, La, Zr, Ti, Hf are therefore frequently added to FeCrAl alloys in small 
quantities (typically less than 0.1 wt.%) either as metallic addition or as oxide dispersions [1, 36-
38].  
 
The reactive element or rare earth effect was first demonstrated by Pfeil in 1937 [39]. The 
oxidation resistance of a nickel based chromium alloy (Ni-20Cr) was significantly improved by 
minor additions of Ce and La as a result of a decreased scale growth rate and improved 
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adherence. Generally, in alumina forming alloys the addition of RE elements has a more 
substantial effect on oxide scale adherence than on the reduction of the oxide growth rate [2]. For 
Al2O3, oxygen transport, apparently via grain boundary short circuit paths, appears to be the 
dominant transport mechanism in the absence of reactive elements in metallic form or as oxide 
dispersion. Two-stage oxidation studies using oxygen tracers show that the presence of reactive 
element changes the transport mechanism (figure 2.6) from mixed oxygen and aluminum 
transport to principally oxygen transport [40-42].  
 
                          
Figure 2.6: Oxygen isotope distributions in the oxide scales on alumina forming FeCrAl base 
ODS alloy (MA 956) after 3 hr oxidation in
18
O-enriched air, and subsequently 9 hr in 
nonenriched air at 1000 °C [40] 
 
The minor reactive element additions suppress the aluminium outward diffusion resulting in an 
overall reduction in the oxidation rate [36, 43]. The smaller growth rates will certainly affect 
scale adherence since growth stresses are smaller in thinner scales. If yttria suppresses cation 
diffusion paths, it is likely, that it will not only block the diffusion paths for aluminium cations 
through alumina, but also the transport of other cations. Blocking the diffusion of these elements 
will prevent enrichment at the scale/gas interface and e.g. hinder formation of base metal oxides. 
In other words, the suppression of outward growth necessarily leads to enhanced selective 
oxidation. In fact, a lower scale growth rate alone can partly explain a more selective oxide 
growth [36]: a lower growth rate will lead to less depletion of the oxide forming element in the 
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surface-near region of the alloy. Therefore the concentration of aluminium at the alloy/oxide 
interface will be higher. The relative amount of the base element iron will be lower and so the 
driving force for diffusion of these elements to the scale/gas interface will be smaller [36]. 
 
The presence of sulphur impurity in FeCrAl alloys has been found to enhance oxide spallation. 
The mechanisms of this effect have been studied widely by several authors [38, 44-47]. Some 
authors stated that the bond between an oxide scale and the underlying metal is in fact 
intrinsically strong. Poor scale adherence is caused by the presence of alloy impurities, such as 
sulphur, which diffuse to the scale-alloy interface and weaken the bond between alloy and scale 
[48]. By using AES depth profiling techniques Grabke et al. [49] have concluded that there is no 
equilibrium segregation of sulfur to the metal/oxide interface. These authors claim that sulphur 
enhances the growth of existing voids, formed at the scale/alloy interface e.g. by vacancy 
condensation [36]. By addition of reactive elements such as Y, Ce, Hf to the alloy sulphur is tied 
up in the form of stable sulphides. This results in improved oxide adherence. The latter can also 
be obtained by S-removal as a result of hydrogen annealing [50].  
 
Void formation is claimed to be one of the main reasons for scale spallation. Small voids formed 
due to vacancy condensation at the oxide/alloy interface act as concentration sites of thermal 
stress and lead to the spalling of the oxide scale. Presence of oxide dispersions (Y or Sc) in the 
alloy act as preferred sites for the nucleation of vacancies (vacancy sinks) which are therefore 
prevented from condensing at the scale metal interface [2, 40, 46].  
 
The addition of RE also promotes the formation of oxide pegs which start to grow from the oxide 
scale and are claimed to improve adherence [44]. It is supposed that protrusions which form 
around rare-earth-metal-containing particles extend from the oxide scale into the metal, and pin 
the scale to the underlying alloy [40]. 
 
A difference in thermal expansion coefficients between the alloy and oxide scale generates 
thermal stress during temperature changes [2]. The stresses as a result of thermal cycling and/or 
as result of the scale growth process are released due to cracking in the scale and/or creep of the 
substrate metal leading to scale cracking or spallation which results in faster penetration of 
oxygen to the metal surface. The scale damage will occur in the absence of a perfect match or 
only a minor mismatch between the thermal expansion coefficients of oxide and substrate. 
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Alloys doped with reactive elements commonly exhibit lower growth stresses during oxidation. 
It was proposed that [17] in alumina-forming alloys, the maintenance of a fine-grained oxide and 
retarding grain-boundary migration by RE segregation to oxide grain boundaries improves oxide 
adherence. The fine grained-oxide helps plastic deformation in the doped scales and thus the 
growth stress will be relieved by plastic deformation during oxidation. The mechanical integrity 
of the interface is enhanced by yttrium segregation to the scale-metal interface thereby increasing 
spallation resistance [51]. 
 
Another important property which has a strong influence in the oxidation resistance is the 
amount of RE content added in the alloy. It was found [52, 53] that optimum oxidation properties 
of FeCrAl-based ODS alloys do not necessarily require an alloy yttria content of 0.5% 
commonly present in commercial alloy:  an yttria content of 0.17% is sufficient to obtain 
excellent alumina scale adherence. Figure 2.7 shows a linear plot of the determined values of 
time to breakaway tB at 1200 °C as a function of yttria content (0.17 to 0.7 %) for four model 
FeCrAl ODS alloy specimens of 2 mm thickness.  
 
 
           
Figure 2.7: Effect of yttria content on measured (symbols) and calculated life of MA956 type 
alloys at 1200 °C (rectangular specimens of 2 mm thickness). The data are compared with the 
result obtained for the yttria-free wrought alloy Fe-20Cr-5Al [53] 
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The results clearly show that, from the viewpoint of oxidation resistance, the optimum yttria 
content is significantly lower than the value of around 0.5% commonly applied in commercial 
alloys. However, it was found that a value of 0.02% is too low for obtaining good oxidation 
resistance [54].  
 
Recent investigations [55] revealed that the life time of FeCrAl alloys is affected by the presence 
of carbon in the alloy. According to these studies, about 0.05 wt. % of carbon in the alloy leads 
to the formation of Cr-carbides at the alloy grain boundaries as well as the scale/alloy interface. 
The Cr-carbides at the grain boundaries lead during 1200 °C oxidation to formation of 
protrusions, called as “broccoli oxides”, at the outer part of the component (figure 2.8) which is 
considered to be a local breakaway.  
 
                              
 
Figure 2.8: Macro image of the broccoli formation on FeCrAl alloy (specimen thickness 1 mm) 
doped with Y oxidized at 1200°C in air for approximately 21000 hours [12] 
     
The Cr-carbides formed at oxide scale/alloy interface enhance the spallation of the oxide scale 
leading to a reduction in the life time of FeCrAl alloys [12]. The addition of strong carbide 
forming elements such as Ti, Zr and Hf can suppress the broccoli effect by tying up the carbon into 
more stable carbides formed within the alloy grains [12]. The stability of different carbides as a 
function of temperature is compared in figure 2.9. In addition to that the oxide scale adherence may 
be enhanced as well as the morphology can be changed from a columnar to an equiaxed grain 
structure by suitable RE-doping (especially Zr) [12]. 
              
FeCrAl + Y 
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Figure 2.9: Equilibrium carbon activities for various metal/carbide system calculated using 
Factsage ® [12] 
 
The effect of reactive elements on oxidation behaviour depends on the alloy composition, the RE 
concentration and presence of other impurities in the alloy. For example, the doping with Zr and 
Ti is claimed to have a beneficial effect in the presence of Y, and a deleterious effect in the 
absence of Y [2, 25]. Figure 2.10 shows the effect of Zr content on the oxidation behaviour of 
NiAl at 1300 °C.  
                                
 
Figure 2.10: Specific weight changes of NiAl alloy with a variation in Zr content during 100 h 
oxidation at 1300 °C [56] 
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The effect of Zr on the oxidation behaviour of NiAl at 1300 °C showed that an optimum amount of 
Zr improves the oxidation behaviour but too high amounts will cause enhanced oxidation rates and 
too small amounts will have little or no effect [56, 57].  
2.3.2 Sub-parabolic oxidation 
 
The growth rates of alumina scales formed on RE-containing high-temperature alloys often 
exhibit a large deviation from classical parabolic kinetics. Quadakkers et al. [58] found that α-
alumina scales formed at temperatures above approximately 1000°C on RE-doped FeCrAl alloys 
generally exhibit a sub-parabolic, frequently near-cubic, time dependence of the scale-thickening 
rate. The frequently-used methods of representing measured weight-change data by plotting 
Δm(t1/2) or (Δm)2(t) give the erroneous impression that the scale-growth kinetics are governed by 
an initial transient-oxide formation followed by a stable α-Al2O3 growth obeying a  parabolic 
time dependence. In reality sub-parabolic, frequently near-cubic kinetics seems to be more a rule 
than an exception for α-alumina growth.  
 
Deviations of the ideal, sub-parabolic kinetics may e.g. be caused by oxide grain size changing in 
growth direction, scale cracking during thermal cycling, internal oxidation of reactive elements 
and/or incorporation of alloy precipitates (intermetallics, carbides, nitrides) into the inward 
growing alumina scale. 
 
An exact knowledge of the oxidation kinetics of FeCrAl-alloys is of great practical importance, 
since it allows prediction of their oxidation limited lifetimes, which are determined by 
exhaustion of the Al-reservoir leading to breakaway oxidation [53]. This is e.g. of practical 
importance for thick-walled components (in the mm range) at temperatures at and above 1200°C 
and for thin-walled components (10–100 µm in thickness or diameter) at application 
temperatures of approximately 1000°C and above [58]. Especially in the case of thin 
components, for which scale spalling is not a major life limiting factor, the use of parabolic 
scaling kinetics leads to a strong underestimation of the actual lifetime limits. 
 
It was proposed that [59] the sub-parabolic oxidation of FeCrAlY-alloys, may be related to 
compressive oxide growth stress [60], which was claimed to affect the chemical potential of the 
mobile species in the scale. It was also proposed that the near-cubic oxidation kinetics are related 
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to the fact that oxygen grain boundary diffusion is the dominant mass transfer process in the 
scale, and that oxide grain size changes with time [36, 61].  
 
Recent studies [62] investigating scale growth kinetics and microstructure of a high-purity Y-
doped FeCrAl alloy revealed a sub-parabolic oxidation at 1200 °C. The instantaneous power-law 
oxidation rate exponent n was determined from the mass change data by assuming that the oxide 
growth proceeds according to a power-law time dependence [62]: 
 
                                                                  
ntkm   (2.24) 
 
where Δm is mass gain in mg.cm-2, k the reaction constant and t the time in hours. 
 
The instantaneous time exponents for the mass-gain kinetics were derived by a local linear fitting 
of the double logarithmic plot of eqn. 2.24: 
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Eqn. 2.26 shows a different relation to determine the time exponent n proposed by Pieraggi [63]. 
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Both the procedures (eqn.2.25 and 2.26) revealed similar values of n and the calculated n values 
indicated a sub parabolic scale growth (i.e., n < 0.5), with n tending to decrease slightly with 
increasing exposure time to a limiting range of 0.35 to 0.37. Indications for this behavior were 
also found in reference [36]. 
 
It was shown in [62, 64] that the lateral grain size within the scale increases linearly with depth 
from the oxide/gas to the oxide/alloy interface, and EBSD-studies demonstrated a preferential 
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crystallographic orientation [0001] of the large columnar grains. Based on these results it was 
concluded that the mechanism for grain size development is one of competitive grain growth, 
rather than simple grain coarsening. The latter is known from sintering studies of bulk ceramics 
to occur commonly at much higher temperatures [65].  
2.3.2.1 Scale microstructures and growth mechanisms 
 
The growth kinetics, microstructure and growth mechanism of the alumina scales formed on 
FeCrAl alloy were described in detail by Young et al. [66].  In their study, the results of isotope 
diffusion experiments showed clearly that scales developed on FeCrAlY grew by inward oxygen 
diffusion. The relative lack of isotope exchange observed in the original (outer) part of the scale 
shows that oxygen did not diffuse via the lattice, but instead penetrated the oxide via ‘‘short 
circuit’’ paths, most likely grain boundaries [40, 53, 62]. As a consequence of the scale growth 
mechanism, the alumina scale exhibited a columnar structure virtually throughout its thickness 
and the observed alumina scale was flat and uniform in thickness.  
 
It is known [67, 68] that diffusion in alumina scales is strongly dependent on their 
microstructure. An evaluation of the effective diffusion coefficient for the columnar 
microstructure has been used to arrive at a mixed parabolic/cubic rate law for the growth of a 
scale in which the oxide grain size distribution is given by r(x)=r0+ax, where r is the grain 
diameter at position x, and r0 and a are constants [36].  
 
A grain boundary diffusion model was presented to account for the effect of grain structure in the 
scale on its growth kinetics [62, 66]. According to that, an effective diffusion coefficient was 
defined as a weighted sum of lattice and boundary contributions 
 
                                                     fDfDD GBLeff  1  (2.27) 
 
 
where f is the fraction of diffusion sites within the boundary and DL und DGB are the diffusion 
coefficients for the lattice and boundaries, respectively.  
 
By taking into account that the grains are square in cross section and f<<1, eqn. 2.27 can be 
rewritten as 
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where δGB is the boundary width and rG the grain width. 
 
As the tracer studies revealed that the oxide scale growed nearly exclusively by grain boundary 
diffusion, Deff  can be approximated as [69], 
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Here, rG varies linearly with position within the scale, and therefore Deff is seen from eqn. 2.29 
also to be a function of position 
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where x is the position co-ordinate as shown in figure 2.11. 
 
 
The diffusion flux of oxygen, J0, is then found to be: 
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where C is the mobile species concentration, µ0 the chemical potential of oxygen, R the gas 
constant and T the temperature. 
 
Combination of (2.30) and (2.31) leads to 
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In Wagner’s diffusion analysis of scaling, the scale growth rate is found from 
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where V0 is the molar volume of oxide formed by the diffusing species and X the scale thickness. 
Recognizing that CV0=1, one finds from Equations (2.31) and (2.33) that 
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It is necessary to develop Equation (2.32) to yield J0 as a function of X. After simplification it 
becomes, 
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where 20
1
0   , and the boundary values 
1
0  and 
2
0  are identified in figure 2.11. Clearly, 
the chemical potential is not linear with x, as would be the result if Deff ≠ f(x). 
 
By combining equations (2.33) and (2.35) followed by integration over time using the boundary 
condition X=0 at t=0 leads to 
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The authors [66] showed that if the chemical potential change occurs then eqn. 2.36 changes to  
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Figure 2.11: Chemical potential and grain size distributions in alumina scale growing via oxygen 
grain boundary diffusion. Continuous line illustrates the model, equation (2.36); The dotted line 
illustrates the model used in reference [66] 
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Measured weight change kinetics were used to calculate scale thickness data (1mg·cm
-2
 
corresponds to a 5.3 µm thick aluminium oxide scale) on the assumption of a uniformly flat, 
ideally dense layer of α-Al2O3 [62]. Figure 2.12 shows the scale thickness compared with curves 
calculated from eqn. 2.36, using rG=r0+a·x where r0=0.27 µm and a=0.13. The equation is seen to 
provide an excellent fit to the measured kinetics. 
 
 
Figure 2.12: Scale thickness calculated from TG-data on FeCrAlY-alloy during isothermal 
oxidation in Ar-20%O2 compared to fits using Equation 2.36 [66] 
 
 
Fitting kinetic data to the rate equation yields an estimate of DGBδGB, given knowledge of a, r0 
and 
 
                                                             21
22
lnln
OO
pp
RT


         (2.38) 
 
Here the superscripts (1) and (2) indicate boundary values of 
2O
p at x=0 and x=X, respectively. 
The value of  1
2O
p  is established experimentally, whereas  2
2O
p  is established by the equilibrium: 
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Lines:     Eqn. 2.36 
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With 0fG  being the free energy of reaction 2.39, equation (2.36) was successful in describing 
the functional form of the FeCrAl scaling kinetics with reasonable estimates of the quantity 
DGBδGB.  
2.3.3 Oxidation limited life time of FeCrAl alloys 
 
The oxidation induced life time limits of FeCrAl alloys at high temperatures can be predicted by 
evaluation of the time dependence of mass change during long term exposure. Figure 2.13 shows 
typical mass change data of a commercial FeCrAl based oxide dispersion strengthened (ODS) 
alloy during oxidation at 1200 °C until breakaway. During the initial stage a weight increase is 
observed as a result of oxygen uptake due to the growth of the alumina scale. This process is 
continued until reaching a certain scale thickness. After that, spallation of the oxide scale starts 
to occur [53] which results in a mass decrease of the specimen. Until reaching a critical Al-
reservoir in the alloy, the formation of new oxide, spallation and re-healing occurs. After 
reaching a critical Al concentration in the bulk alloy, breakaway oxidation occurs leading to a 
sudden strong increase in specimen mass change. 
  
It is possible to predict the life time of FeCrAl alloy components, i.e. the time to breakaway, if 
the aluminum reservoir and oxidation kinetics (rate of Al-depletion) of the process is known.  
 
A model developed by Quadakkers et al. [53] allows predicting the time to breakaway as a 
function of specimen thickness for alumina forming FeCrAl-based alloys. 
 
In the model a number of assumptions were made [35]: 
 
1. The aluminium depletion in the alloy due to scale formation does not result in a significant Al 
concentration gradient beneath the scale; the Al concentration profile in the bulk alloy can be 
considered to remain ideally flat. 
 
2. If scale spallation occurs, it leads to spalling over the whole specimen/component surface and 
re-oxidation proceeds as on a fresh surface. 
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Figure 2.13: mass change data of a typical commercial FeCrAl alloy (2 mm thick) at 1200°C in air 
during cyclic oxidation [53]  
 
 
The oxygen uptake by the specimen surface due to the oxide growth is denoted by, 
 
 
                                                              Δm(O) / A = k · tn                                      (2.41) 
 
Where Δm is the measured weight change (mg); A the specimen surface area (cm2); k the 
oxidation rate constant; t the oxidation time (h) and n the oxidation rate exponent. 
 
Assuming that the surface oxide consists completely of Al2O3
 
(i.e. the Al/O mass ratio is equal to 
1.124) the amount of aluminium per unit area of the scale Δm(A)/A (in mg/cm2) is 
 
                                                       Δm(Al)/A = 1.124 · k · tn             (2.42) 
 
 
The amount of Al depleted from the alloy will be equal to that tied up in the oxide, i.e. after a 
certain oxidation time, the following equation will be valid for a rectangular specimen of semi 
infinite size: 
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where ρ is the alloy density in mg·cm-3; A the area; d the specimen thickness; C0 the initial alloy 
Al content in mass% and Ct
 
the remaining Al content at time t. 
 
Re-arranging this equation reveals the time, which is required to deplete the initial aluminium 
content C0
 
to a certain, i.e. lower aluminium content Ct in the alloy matrix after time t. If we 
define CB
 
as the critical Al content at which breakaway oxidation starts, the time for the 
occurrence of this event (assuming that no scale spallation has occurred) is given by [53]: 
 
                                           tB
 
 = [4.4 · 10-3 ·  (C0-CB) · ρ · d · k
-1
]
1/n 
                    (2.44) 
 
 
As explained in references [53, 70, 71], the alumina scales on the FeCrAl-based alloys may 
become prone to spallation after long-term exposure. Assuming that this spallation starts after the 
oxide reaches a critical thickness x*, corresponding to a critical mass change Δm*/A, the time to 
breakaway for a flat specimen of infinite size is given by: 
 
                                       tB
 
 = 4.4 · 10-3 ·  (C0-CB) · ρ · d · k
-1/n · (Δm*/A) (1/n)-1   (2.45) 
 
 
Based on equations 2.44 and 2.45 [53], a typical life time calculation for an ODS type FeCrAl 
alloy is plotted in figure 2.14. The diagram provides the life time of the FeCrAl alloy component 
as function of wall thickness for various temperatures. It was assumed that a stable α-alumina 
formed throughout the component surface at all the temperatures.  
 
The diagram shows that in very thin components (here < 0.2 mm) the time for occurrence of 
breakaway is not affected by oxide spallation. The reason for this effect is that for such 
components the critical exhaustion of the Al reservoir in the component occurs before the oxide 
scale thickness reaches the value required for first onset of oxide spallation. 
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Figure 2.14: Oxidation diagram of commercial FeCrAl base ODS alloy PM 2000 showing 
calculated life time as function of temperature and specimen thickness [13] 
 
2.3.4 Factors affecting life time of FeCrAl alloys 
 
The previous considerations show that the most important parameters governing the life time of 
FeCrAl alloy components are the 
 
 Al- reservoir 
 Oxide growth rate 
 Oxide scale spallation 
2.3.4.1 Al-reservoir 
The Al-reservoir is the amount of aluminum present in the bulk alloy which may be consumed 
by oxide scale formation during high temperature exposure. It is governed by the initial Al 
content in the alloy (C0), the critical Al-content for the occurrence of breakaway (CB) and the 
thickness of the component (d) [12]. 
 
In general, an aluminum content of around 4 - 6 wt.% is present in FeCrAl alloys to obtain the 
desired oxidation protection by external Al2O3 formation. From the life time prediction 
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derivations, an increase in the aluminium content can lead to a life time extension of the 
component. However, too high Al contents may deteriorate the mechanical properties of the 
alloy, especially ductility and formability [35].   
 
The transition from a continuous external oxide layer to a non-protective internal oxidation of a 
scale forming element was theoretically explained by Wagner [53, 72]. According to Wagner 
[23, 72]  the critical Al concentration for obtaining external Al2O3 scale formation is (compare 
section 2.2.2) 
 
                                                 
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
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C 0
2
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                                        (2.46) 
 
where D0
 
and DAl
 
are the diffusion coefficients of oxygen and aluminium in the alloy matrix; π = 
3.14; C0
 
is the oxygen concentration at the scale-metal interface; Vm
 
and Vox
 
are the molar 
volumes of the metal and oxide respectively; ν is the number of moles oxygen per mole oxide; 
g* is a critical value for transition from external to internal oxidation of the parameter 
(g=f(Vox/Vm)), commonly assumed to be 0.3. 
 
This equation allows to predict for a given alloy composition whether the amount of Al present 
in an alloy is sufficiently large to form an external Al2O3 scale or whether the Al is internally 
oxidized. However, this concentration is not necessarily identical to the value of CB in equation 
2.46 because that equation describes the situation which occurs if an external Al2O3 scale exists 
and whether it is maintained if the Al content in the component is gradually decreased as a result 
of the oxidation process. The CB value in case of a very thin component, in which scale 
spallation does not play a role for occurrence of breakaway oxidation, will thus likely be 
different from that in a thick component, when spallation significantly contributes to the overall 
Al loss. 
 
In this context it is apparent that spallation or oxide scale cracking at the component corners or 
edges may affect the value of CB [35, 73, 74]. A CB value of around 2.5 wt.% was observed by 
Bennet et al. [70] for specimens of 2 mm thickness of the commercial ODS alloy (MA 956) 
oxidized at 1300 °C. The authors in reference [13, 53] have reported an EPMA measured CB 
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value of 1.2 wt.% for the commercial ODS alloy ODM 751 oxidized at 1200 °C. These CB 
measurements from EPMA are substantially higher than those given by other authors for similar 
materials. However, the latter were affected by nitridation of Al within the alloy matrix, often 
observed after commencement of local breakaway during air exposures [13, 35]. For the reasons 
mentioned above, the CB-value is, for a given alloy, lower for a thin than for thick component 
[53].  
 
Considering alloy composition, CB has been shown to depend on Cr-content. For 2 mm thick 
specimens of the commercial ODS alloys at 1200 °C, the value of CB was shown to strongly 
increase for an alloy with a Cr-concentration of 12 % compared to alloys with a Cr-concentration 
of 16 to 20 % [75]. 
 
Figure 2.15 shows the combined effect of the Cr and Al contents on oxidation limited life. The 
time to breakaway for the model FeCrAl ODS alloys with different Cr and Al content (table 2.1) 
is plotted as a function of wall thickness after oxidation at 1200 °C. It shows that an increase of 
the Al content but with a concurrent reduction in the Cr content (6.5Al + 16Cr, 8.5Al + 12 Cr, 10 
Al + 9 Cr) leads to no clear increase in life time. Obviously a minimum amount of Cr of around 
16% is sufficient for obtaining optimum selective oxidation of aluminium [75]. 
                       
Figure 2.15: Calculated time to breakaway of different model ODS alloys oxidized at 1200 °C 
[75] 
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Fe Cr Al Y2O3 Ti
DAD 80.1 9 10 0.5 0.4
DAE 78.6 12 8.5 0.5 0.4
DAG 77 16 6.5 0.5 —
DAH 76.6 16 6.5 0.5 0.4
DAJ 76.9 16 6.5 0.2 0.4
Composition (wt. %)
 
Table 2.1: Compositions of the FeCrAl based model ODS alloys shown in figure 2.14 
 
It is apparent from eqn.2.46 and figure 2.14 that increased life time by increased Al reservoir can also 
be obtained by increasing component wall thickness. However, in most cases design requirements 
do not allow substantially increasing the wall thickness above a certain value. 
2.3.4.2 Oxide growth rate 
The oxidation rate is an important factor which plays an eminent role in governing the alloy life 
time. As can be seen from eqn. 2.45 it is obvious that already a small change in the oxidation rate 
constant k may lead to a major change of the oxidation limited life because the exponent n 
commonly has a value between 0.3 and 0.5 [36, 62]. Some of the properties which significantly 
affect the oxide growth rate are, 
 
 Oxidation temperature 
 Oxygen partial pressure of the environment 
2.3.4.2.1 Oxidation temperature 
 
An example for the effect of oxidation rate constant as a function of temperature  can be 
explained from the oxidation experiments of a commercial FeCrAl based ODS alloy of 2 mm 
thickness oxidized at 900 - 1200 °C [76]. Figure 2.16 shows an Arrhenius-plot of the parabolic 
rate constant kp, after 100 h oxidation, as a function of temperature.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              
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Figure 2.16: Arrhenius plot of oxidation rate constant for commercial FeCrAl based ODS alloy 
MA956 at 100 h [76] 
 
It is obvious that after 100 h the oxidation rate obeys an Arrhenius-type relation in the whole 
temperature range [76]. In developments aiming at increasing the service life of FeCrAl-based 
alloys, attempts to minimise the growth rate of the alumina scales are therefore of great 
importance [35]. 
2.3.4.2.2 Influence of oxygen partial pressure 
 
FeCrAl alloys are frequently exposed in low oxygen partial pressure (pO2) atmospheres. Some of 
the examples include heating elements in furnaces for heat-treatment in various inert or process 
atmospheres and in car exhaust systems, where in order to maintain the optimum operation 
conditions of the catalyst, the fuel to oxygen ratio is maintained close to a value corresponding to 
stoichiometric combustion [66]. Some of the recent studies by Young et al. [66, 77] revealed that 
there is a significant difference in the oxidation rate of FeCrAl alloys exposed in hydrogen 
containing, low pO2 atmospheres compared to air. It was found that the oxidation rate constant 
was much smaller in case of low pO2 (Ar-4%H2-7%H2O) atmosphere (kp=0.03 mg
2
·cm
-4
·h
-1
) 
compared to the kp value at high pO2 (kp=0.06 mg
2
·cm
-4
·h
-1
) atmosphere at 1300 °C [12]. Hence 
T [°C] 
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the oxygen partial pressure plays an important role in the life time of alumina forming FeCrAl 
alloys. Addition of reactive elements to FeCrAl alloys in order to reduce the oxidation rate has 
also been well established [78].  
2.3.4.3 Oxide scale spallation 
Spallation of the alumina scale is an important factor which can decrease the effective life time 
of FeCrAl alloy components especially during thermal cycling. The generation of thermal 
stresses as a result of the difference in thermal expansion coefficients between the alloy and the 
oxide scale may result in fracture of the formed alumina scale during cooling the specimen to 
room temperature [1, 26]. An increase in the Al consumption rate occurs due to this spalling and 
re-healing of the Al-oxide scale. By increasing the spallation resistance an effective 
improvement in the alloy life time is achievable. For example, according to eqn. 2.45, assuming 
a near-cubic scale growth gives a factor of four in life time increase if the critical thickness for 
spallation is increased by a factor of two [13]. 
 
A number of factors, in particular alloy impurities such as sulphur and carbon strongly affect the 
oxide scale adhesion. However, the addition of certain reactive elements can suppress the 
adverse effect of carbon and sulphur on oxide adherence as discussed in section 2.3.1 [12, 50]. 
 
In FeCrAl base alloys it is frequently observed that stresses generated during thermal cycling 
may lead to microcrack formation in the alumina scale but do not in all cases result in scale 
spallation. The enhanced oxygen access as a result of the crack formation leads to enhanced scale 
growth rate expressed by increased mass gain.  
 
Examples of different types of behaviour are shown in figure 2.17. In figure 2.17 curve (a) 
denotes the mass gain of parabolic oxidation and a transition from parabolic to linear behaviour 
is shown by curve (b).  
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Figure 2.17: Schematic mass gain versus time curves for the oxidation of heat-resisting alloys. a) 
parabolic oxidation; b) transition from parabolic to linear behaviour; c) repetition of the 
isothermal heating and subsequent cooling, i.e. cyclic oxidation ; d) overall mass loss [2] 
 
A mass loss observed due to spalling of the scale provides the base surface of the specimen 
which becomes susceptible to further oxidation on heating. Repetition of the isothermal heating 
and the subsequent cooling, i.e. cyclic oxidation, gives a mass change behaviour as shown by 
curve (c). Curve (d) illustrates the mass changes after each cooling against time or number of the 
cycle, showing the overall mass loss [2].  
2.3.4.4 Possible life time extension methods 
For a given FeCrAl alloy composition and a given temperature several methods exist to extend 
the oxidation limited life time of a component:   
 
 Increasing the aluminium content: As mentioned earlier (eqn. 2.46) a life time extension 
can be achieved by increasing the aluminium content of the alloy.  However, increasing the 
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Al content in the alloy has an adverse effect [35] on the alloy formability thus hampering the 
suitability of the material to be produced into thin heating element wires or foils.  
 
 Increasing component thickness: The other possibility would be using a thicker 
component. However, the component thickness is generally restricted by design 
requirements.  
 
Therefore, these obvious life time extension methods can in many applications not be used to 
extend the life time of alloy components. 
 
2.4 Increased emissivity for increased oxidation induced life times of FeCrAl heating 
elements 
 
The radiation emitted by a body compared to a blackbody is defined as emissivity [79]. An 
effective increase in the emissivity (emission coefficient) of the alumina scales may result in a 
significant life time extension of heating elements fabricated of FeCrAl alloys. The following 
sections explain the basics of emissivity, the factors influencing emissivity, the benefits of 
increasing the oxide scale emissivity and possible emissivity increasing methods.  
2.4.1 Thermal radiation  
 
Generally, in heating elements heat transfer by radiation plays a more dominant role than 
conduction and convection (Radiation ~T
4
, Convection ~T). Radiative energy is transmitted 
between two objects without requiring a medium between them. The radiation heat transfer can 
be described using the Stefan-Boltzmann equation [80].  
 
                                P = A · ε · σ · (Ts4 – Te4)                              (2.47) 
 
 
where P is the power output in W/cm
2
, A the radiating area in cm
2
, ε the emission coefficient, σ 
the Stefan–Boltzmann constant, 5.67 · 10-8 in W/cm2K, Ts the surface temperature in K and Te 
the environment temperature in K. 
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2.4.2 Emissivity of alumina scales and life time of FeCrAl heating elements 
 
According to eqn. 2.47, an increase in emission coefficient can lead to a higher power output by 
means of heat radiation. Commonly, the α-alumina scales formed on FeCrAlY alloy exhibit an 
emissivity between 0.65 and 0.7 [81, 82] i.e. the scale is nearly transparent for visible light 
resulting in a light (grey) appearance of the oxide scale. For example, during an exposure at 1050 
°C, the α-alumina scale formed on the alloy will have an emissivity of 0.65 with a power output 
of 11.3 W/cm
2
. Higher power output of 14.7 W/cm
2
 is achievable if the emissivity could be 
increased to e.g. 0.85; such an oxide scale with higher emissivity of 0.85 would possess a much 
darker appearance compared to classical alumina.  
 
On the other hand the required power output (11.3 W/cm
2
) can, as a result of higher emissivity 
be obtained at a substantially lower operating temperature of 965 °C if the emissivity would be 
0.85 rather than 0.65.  
 
The effect of a reduced operating temperature as result of an increased oxide scale emission 
coefficient can be explained by an example from figure 2.14. A plot of the time to breakaway of 
the commercial FeCrAl alloy PM 2000 against specimen thickness depicts the life time of the 
component at different temperatures. The time to breakaway can be calculated using eqn. 2.48 
from the known parameters like initial and critical concentration of aluminium in the alloy (C0, 
CB), thickness (d), growth rate parameters (k,n): 
                   
 
                                                 tB
 
= [4.4 · 10-3 ·  (C0-CB) · ρ · d · k
-1
]
1/n 
(2.48) 
 
 
According to figure 2.14, a specimen of 0.1 mm thickness of the commercial FeCrAl ODS alloy 
(PM 2000) exposed at 1100 °C will have an approximate life time of 1000 h which is nearly 10 
times higher than the life time (100 h) of a specimen of the same thickness exposed at 1200 °C 
[13]. Thus, a decrease in heating element temperature as a result of an increase in oxide scale 
emissivity, as illustrated above, would result in very substantial life time increase.  
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2.4.3 Factors influencing alumina scale emissivity 
 
There are a number of factors which may influence the emissivity of alumina scales formed on 
FeCrAl alloys. The oxide scale morphology is the main factor by which the emissivity of a 
typical low emissivity alumina scale (light grey appearance) can be transformed into a high 
emissivity oxide scale (dark appearance). Figure 2.18 depicts different factors which influence 
the emissivity [82]. The emissivity or the emitted radiated flux density of the oxide scale formed 
on the FeCrAlY alloy is influenced by the following factors [82]: 
 
 Grain boundaries in the oxide scale 
 Inclusions rich in reactive element oxides 
 Presence of pores or voids 
 Rough interfaces 
 
The modification of the surface roughness can be accomplished by a suitable combination and 
amount of alloying additions. These methods as well as a detailed description of the 
measurement of emissivity of the oxide scales will be presented in the following sections. 
 
Naumenko et al. have studied the influence of Zr on the microstructure of alumina scales formed 
on FeCrAl alloys [83]. They found a difference in the oxide scale morphologies and oxide scale 
appearance (darker scales) compared to Zr-free alloy. The observed oxide scales on Zr-doped 
alloy exhibited significant porosity, which provides additional short-circuit paths for inward 
oxygen transport via molecular gas diffusion. Pint [84] proposed that the pores observed within 
the scale can originally form at the scale–metal interface between the oxide grain boundaries. 
Incorporation of the interfacial pores into the scale then occurs [84] by joining the oxide 
protrusions growing at the nearest grain boundaries. The scale on a FeCrAlY alloy doped with Zr 
grows almost exclusively by inward oxygen transport. The pores are, therefore, unlikely to form 
at the scale-metal interface by vacancy condensation. The porosity observed in [83] is mainly in 
the outer part of the scale on Zr-doped alloys and associated with the zirconia precipitates. It was 
mentioned that the mechanism for porosity formation might be related to the phase 
transformations of the zirconia particles caused, e.g. by increase in the oxygen partial pressure in 
the outer scale regions [83]. 
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Figure 2.18: Factors influencing alumina scale emissivity based on reference [82] 
 
 
2.4.4 Methods to improve oxide scale emissivity 
 
Coating the surface with a thin metal layer is one of the methods to increase the emissivity of a 
heating element [85-89]. In previous studies [90, 91] aiming at increasing oxide scale emissivity 
of FeCrAl heating element, a thin layer of nickel or cobalt was applied on the surface of the 
material. During the exposure at high temperature these metal layer oxidizes resulting in the 
desired dark oxide scale with higher emissivity. However, this method has economical as well as 
technical constraints, especially due to the poor adherence of the externally applied layer after 
oxidation.   
 
Therefore, it is necessary to find an alternative route to increase the emissivity of the surface 
oxide scales. The present work proposes a new type of internal oxidation method to achieve the 
required higher emissivity on the alumina scales without using the application of an external 
metal coating.  
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3 Aims of the present investigation 
 
The life time of the FeCrAl heating element components is of major concern in high temperature 
applications. The continuous protection of the component is determined by the aluminium 
reservoir in the alloy matrix as the formation of a protective oxide scale is not possible after 
reaching a critical depletion value. However, during long term exposure the depletion of 
aluminium from the bulk alloy is inevitable as a result of scale growth, whereby the life time 
strongly decreases with increasing temperature.  Consequently, non protective Fe-rich oxides 
form, leading to the end of material service life by catastrophic breakaway corrosion. 
 
An alternate route to improve life time of FeCrAlY heating elements would be modifying the 
oxide scale emissivity. By increasing the emissivity of the growing alumina scale, the same 
amount of usable heat is obtained at a lower operation temperature of the FeCrAl heating 
element. It would result in a substantially increased life time of the component.  
 
The present work proposes a different approach for obtaining the higher emissivity of the 
growing α-alumina scale for the required application temperatures. A new type of in-situ 
growing alumina base surface oxide scales concept is used unlike the older external coating 
treatment. By using a suitable combination of reactive element additions and heat treatment 
procedures, a controlled internal oxidation method will be estimated in which the internal oxide 
precipitates formed in the material, which are optimized by suitable heat treatments, act as 
templates for the incorporation of particles and micropores in the growing alumina layer thus 
affecting the oxide scale emissivity. The schematic illustration of increasing emissivity of the 
growing alumina scale is shown in figure 3.1. 
 
The main emphasis of this investigation is investigating the effect of suitable combinations of 
reactive element additions and heat treatment procedures on the oxide scale morphology of 
FeCrAlY alloys in order to obtain a higher emissivity of the alumina surface scales. A number of 
high purity model alloys produced with different combinations of reactive element (Zr, Ti, Hf) 
additions have been investigated. A low Zr-doped (0.03 wt.%) FeCrAlY alloy was treated as a 
reference alloy and the experimental results are discussed in chapter 5. 
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Figure 3.1: schematic illustration of increasing growing alumina scale emissivity 
 
In order get a better understanding of the oxidation mechanisms, experiments were carried out 
using Zr doped FeCrAlY alloy in the temperature range between 1050 and 1200 °C for a period 
up to 500 h. In addition to discontinuous tests, some short term (100 h) isothermal 
(Thermogravimetry) oxidation tests were performed in order to investigate the oxidation 
mechanisms in the early stages of oxidation. The influence on the oxidation behaviour by 
increasing the Zr-content will be dealt in chapter 6. Chapter 7 reveals the effect of other oxygen 
active element additions (Hf and Ti) on the oxidation behaviour. The effect of changing the 
oxidizing atmosphere (low pO2 atmosphere) on the oxidation behaviour and the combination of 
low followed by a high pO2 exposures are discussed in the subsequent chapters (8 and 9). The 
next sections describe the effect of changing oxidizing temperature and combining both 
temperature and atmosphere changes during exposure (Chapter 10). The emissivity values of 
oxide scales formed during different oxidation treatments were compared. Finally, very thin (50 
µm) foils were tested in a resistance heating test equipment thereby comparing the life times 
obtained for different alloys (Chapter 11).  
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  42 
4 Experimental  
4.1 Materials  
 
For the present study a number of high purity model alloys, with a nominal composition of       
Fe-20Cr-5Al-0.05Y, with defined Y, Hf, Zr and Ti additions have been prepared from pure 
elements, by melting in a cold crucible under pure gas and solidification in the cold crucible. 
Forging and hot rolling down to 1.5 mm were performed at 1000°C. The alloys were given a 
final annealing at 1000°C (1h) followed by water quenching. Alloys were produced by Armines, 
SMS-Center, Saint Etienne, France (batch: FTG, JJG/JKT, JJC and JJH), Krupp VDM (batch:  
MPG, MPP and NKJ) and MPIE, Düsseldorf (batch: NEK). 
 
As shown in table 4.1 the investigated alloys were divided into four groups based on the reactive 
element additions 
                    
Alloy type Co-doping Batch Composition (wt.%)
Y-doped alloy — FTG 0.05 Y
Ti JJG / JKT 0.03 Zr
Zr-doped alloys Hf MPG 0.14 Zr
Hf MPP 0.23 Zr
Ti NKJ 0.24 Zr
— JJC 0.03 Hf
Hf-doped alloys Ti JJH 0.03 Hf
Ti NEK 0.035 Hf
Aluchrom Yhf Hf MBP 0.05 Zr
 
 
 
Table 4.1: Chemical compositions of the studied alloys. Detailed chemical compositions of the 
alloys are listed in the Appendix. 
4.2 Specimen preparation 
 
Specimens were cut from the thick alloy sheets. In most of the oxidations tests, two different 
specimen thicknesses were used in order to investigate the specimen thickness dependence on 
the oxidation behaviour.  
  43 
 Thick specimen – 20x12x1.2 mm 
 Thin specimen – 20x12x0.2 mm 
 
Prior to the oxidation exposure the specimens were ground to 1200 grit surface finish with 
silicon carbide paper and degreased in ethanol. 
 
For selected oxidation tests and heating element tests, thin foil strips of 0.05 mm were used in 
the as received condition.  
4.3 Oxidation tests 
 
Different types of oxidation experiments were carried out for evaluating the oxide scale 
formation in the temperature range 1050 – 1200 ºC.  
4.3.1 Discontinuous oxidation 
 
Discontinuous oxidation experiments were performed in laboratory air for up to 500 hours. The 
mass changes were measured discontinuously every 100 hours (after specimen cooling to room 
temperature) and specimens were visually examined for the occurrence of breakaway oxidation. 
4.3.2 Isothermal oxidation  
 
Isothermal oxidation in the discontinuous furnace 
Isothermal oxidation experiments were performed in laboratory air for 100 hours. The mass 
changes were measured after 100 hours and the specimens were visually examined.  
 
Isothermal oxidation in the thermo-balance 
Selected specimens were isothermally oxidized in order to investigate the oxidation kinetics 
during the early stages of oxidation and for obtaining more accurate information on the scale 
growth mechanisms. For the isothermal tests a SETARAM thermobalance (SETARAM 
Instrumentation TGA 92 - 16.18) was used. The heating/cooling rates were 90 °C/min, the flow 
rate of the gas was 2 l/h. Experiments were carried out for 100 h. In order to investigate the 
influence of oxidizing atmosphere on the oxidation behaviour, exposures were carried out in four 
different atmospheres. 
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 Synthetic air  
 Synthetic air + 7%H2O 
 Ar-4%H2-2%H2O 
 Ar-4%H2-20%H2O 
 
Changing oxidizing atmosphere (combined exposure) 
In these tests, the oxidizing atmosphere was changed in situ, i.e. without intermediate cooling, 
during the exposure. A pre-treatment in Ar-4%H2-2%H2O was performed and subsequently the 
test gas was changed to synthetic air up to the final exposure time. 
 
Experiments were carried out for totally 100 h with short time pre-exposure: 
 1 h in Ar-4%H2-2%H2O followed by 99 h in synthetic air 
 7 h in Ar-4%H2-2%H2O followed by 93 h in synthetic air 
 
An equal time exposure of both the atmospheres were performed for 200 h  
 100 h in Ar-4%H2-2%H2O followed by 100 h in synthetic air 
 
For comparison, 100 h and 200 h tests in Ar-4%H2-2%H2O, i.e. without gas change, were also 
performed.  
 
Changing oxidizing temperature 
Thermogravimetric experiments were carried out with changing oxidation temperature during the 
exposure. Experiments were performed for a total duration of 100 h. 
 
 15 min. at 1200 °C followed by 1050 °C up to the final exposure time  
 1 hour at 1200 °C followed by 1050 °C up to the final exposure time  
 10 hours at 1200 °C followed by 1050 °C up to the final exposure time  
Equal time exposures at 1050 and 1200 °C respectively were performed for totally 100 h. 
4.3.3 Tracer studies 
 
Short term two-stage oxidation tests were performed in order to investigate the scale growth 
mechanisms during the early stages of oxidation. Specimens of 12x12x1 mm were cut and 
  45 
polished to 1µm surface finish and subsequently oxidized at 1050 and 1100 °C in the following 
two-stage experiments, i.e. without intermediate specimen cooling 
 
 1 h in Ar-20%16O2 followed by 4h in Ar-20%
18
O2 
 4 h in Ar-20%16O2 followed by 16h in Ar-20%
18
O2 
 1 h in Ar-4%H2-2%H2O
16
 followed by 4h in Ar-4%H2-2%H2O
18
 
 4 h in Ar-4%H2-2%H2O
16
 followed by 16h in Ar-4%H2-2%H2O
18
 
 
After exposure the specimens were analysed by Secondary Neutrals Mass Spectrometry 
(SNMS). The quantification of the SNMS data was accomplished using the procedure described 
in reference [92]. 
4.3.4 Resistance heating testing (SOMA) 
 
Isothermal and cyclic resistance heating tests were carried out in an automatic, computer 
controlled equipment produced by SOMA GmbH, Luedenscheid, Germany. The equipment in 
which four specimens (foils) could be tested simultaneously is shown in figure 4.1. The 
specimens were connected between two clamps which are electrically conductive and heating 
was achieved using resistance heating (via joule effect) by passing an electric current through the 
strips. An automatic controlling and recording of temperature, electric current, voltage, power, 
hot and cold electric resistance was achieved during the resistance heating test. A pyrometer was 
used to measure the temperature by means of wavelengths ranging from 670 to 1100nm. Further 
details will be discussed in section 4.4. 
 
The resistance heating tests were performed at 1050 °C for a time period of 80 h in the constant 
power mode. 
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Figure 4.1: Resistance heated, thermal cycling test rig [93] 
 
4.4 Characterization methods 
 
First the oxidized specimens were examined macroscopically in order to observe the oxide scale 
colour and subsequently macroscopic pictures were taken for further comparison. One part of 
each oxidized specimens was cut and used for metallographic cross section investigation to 
observe the oxide scale thickness and microstructure and the other part used for further surface 
analytical examinations. 
 
Prior to mounting the specimen was coated with gold and nickel in order to protect the oxide 
layer surface during grinding and polishing. The specimens were cold mounted with epoxy resin. 
After sufficient hardening of the epoxy a series of grinding papers (starting from 240 P until 
2500 P) were used for grinding followed by polishing with 6µ, 3µ and 1µ diamond paste and 
final rinsing SiO2 polishing paste. Polished specimens were cleaned i.e. an ultrasonic bath 
followed by ethanol. 
 
The detailed composition and morphology of the alumina base surface scales as function of time, 
temperature, specimen thickness and oxidizing gas composition were studied using a 
combination of analysis techniques such as optical microscopy, scanning electron microscopy 
Pyrometer 
  47 
(SEM) with EDX, transmission electron microscopy (TEM), Focused Ion Beam technique (FIB), 
X-ray diffractometry (XRD), sputtered neutrals mass spectrometry (SNMS) and glow discharge 
optical emission spectroscopy (GDOES). The application of the above mentioned methods for 
the study of thermally grown oxide scales has been described elsewhere [25]. Procedures used 
for quantification of the SNMS and GDOES profiles of oxide scales are given in reference [41]. 
The thickness of oxide scales and depth of precipitates in the oxide scale and the alloy were 
measured by analySIS software.  
 
Emissivity measurements 
 
For emissivity measurements specimens of 35 x 35 mm were cut from the prevailing alloy plates 
and oxidized in a similar way as described in section 4.2. The emissivity tests were performed by 
measurement of the hemispherical reflectance. The UV-Vis reflectance measurements (wave 
length 250-2500 nm) were performed with a Perkin Elmer Lambda 950 monochromator 
spectrophotometer with integrating sphere of 145 mm diameter [94].                               
 
The IR-measurements in the wavelength range of 2.5-15 μm were performed with a Perkin 
Elmer System 2000 FT-IR spectrometer with a 75 mm diameter integrating sphere. Samples 
were irradiated with an 8° incidence angle. For the calibration, diffuse reflectance standards were 
used. As angular dependencies are neglected in this measurement, the absorptivity () can be 
calculated from the measured hemispherical reflectivity () via the conservation of energy: 
 
 = 1 -                 (4.1) 
                 
The emissivity () follows from Kirchhoff's law as:  
 
 =                 (4.2)  
   
A weighted integral value of the emissivity data for each wavelength was determined. As the 
weighting function the Planck-curve of the spectral emittance of a black body for an assumed 
application temperature of 900°C was taken. 
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Results and Discussion 
 
5 Effect of Zr doping on the oxidation kinetics, morphology and oxide scale 
emissivity 
5.1 General remarks 
 
Figure 5.1 shows the metallographic (SEM) cross section of a typical Y-doped FeCrAl alloy 
oxidized at 1050 °C for 500 h in air. The oxidized specimen was 1.2 mm thick and the alloy 
contained 0.05 wt.% yttrium (batch FTG in table 5.1) with nominal compositions of main 
elements. It can be seen that the oxide scale consists of a compact, uniform and well adherent 
alumina with a flat scale/alloy interface. Figure 5.2 shows the macro image of the investigated 
specimen. It shows that the oxide scale is highly transparent for visible light resulting in a light 
grey appearance of the specimen.  
 
                         
Figure 5.1: Metallographic cross section of Y-doped model FeCrAl alloy (batch FTG) oxidized 
at 1050 °C for 500 h 
 
Naumenko et al. [83] have studied several FeCrAlY model alloys containing minor additions of 
different group IVa-elements. They found that in case of Zr doped FeCrAl model alloy, in 
several cases it was apparent that the thermally grown alumina has a much darker appearance 
than that on un-doped FeCrAlY alloy. Also the scale microstructure and roughness of the un-
doped alloys substantially differs from that of a Zr doped alloy. 
Alloy 
Al2O3 
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Y Zr Ti Hf Mn
FTG only Y 0.05 - - - -
alloy 1 / JJG low Zr 0.05 0.031 0.033 < 0.01 < 0.002
Composition (wt.%)
Alloy / batch Alloy type
 
Table 5.1: Chemical compositions of the studied FeCrAl model alloys with only Y doping and 
with that of low-Zr alloy 
 
                                                   
Figure 5.2: Macro picture of Y-doped model FeCrAl alloy (batch FTG) oxidized at 1050 °C for 
500 h (compare figure 5.1) 
 
The present chapter investigates the effect of minor additions of Zr on the oxidation behaviour of 
FeCrAlY alloys. A high purity model FeCrAlY alloy (batch JJG) with nominal compositions of 
the main elements was produced with a minor amount (0.03 wt. %) of Zr. The complete 
chemical composition of the alloy can be found in the appendix and will be designated as “low 
Zr doped alloy” throughout this thesis. 
 
The oxidation experiments were performed in air. The possibilities to modify the oxide scale 
morphologies of the growing alumina scales on FeCrAl alloy are investigated as a function of  
 specimen thickness  
 oxidation temperature and 
 oxidation time 
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Figure 5.3 compares the weight change data of the Y-doped (only) FeCrAl alloy and the low Zr-
doped (0.03%) FeCrAlY alloy (batch FTG and JJG in table 5.1) during 500 h oxidation at 1050 
°C in air. It shows that a substantially higher weight change occurred in case of the low Zr-doped 
alloy. The obtained higher oxidation rate of the low Zr-doped alloy is in qualitative agreement 
with results of Wessel et al. [95]. They explained that addition of Zr in the FeCrAlY alloy 
modifies the oxide scale morphology from columnar to small equi-axed grains and results in 
formation of porous alumina rich in zirconia inclusions. The alumina scale therefore possesses an 
increased density of oxygen diffusion paths, which results in an enhanced oxidation rate 
compared with the scale on the Zr-free FeCrAlY-composition. 
     
 
Figure 5.3: Weight change data of FeCrAlY and low Zr-doped FeCrAlY alloy (batch FTG and 
JJG in table 5.1) during 500 h discontinuous oxidation in air at 1150 °C  
 
5.2 Short term exposures with low Zr- doped alloy 
 
Two different thicknesses of specimens, i.e. 1.2 mm (thick) and 0.2 mm (thin) were oxidized for 
100 h in air in the temperature range 1050 to 1200 °C and the weight change data is presented in 
figure 5.4.  
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Figure 5.4: Weight change data of low Zr-doped FeCrAlY alloy (batch JJG in table 5.1) after 100 
h oxidation at different temperatures in air 
 
In general the oxidation rate increases with increasing temperature, whereby no clear difference 
in the oxidation rate can be observed between thick and thin specimens up to 1150 °C. On the 
other hand, a substantial difference was observed at the highest oxidation temperature of 1200 
°C. Here the thick specimen showed a much higher weight change than the thin specimen.  
 
5.3 Long term exposures with low Zr- doped alloy 
 
To get more insight into the mechanisms of oxidation, similar experiments were performed for 
long time exposure for a period of 500 h at different temperatures and the weight change data are 
presented in figure 5.5 for both thick and thin specimens. At lower temperatures (1050 and 1100 
°C) similar oxidation rates were observed for the thick and thin specimens as in case of shorter 
oxidation time of 100 h. However, at higher temperatures (1150 and 1200 °C) higher oxidation 
rates occurred for thick specimens than for thin specimens, whereby the difference was larger at 
1200 °C than at 1150 °C. 
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Figure 5.5: Weight change data of low Zr-doped FeCrAlY alloy (batch JJG in table 5.1) after 500 
h oxidation at different temperatures in air 
 
More details can be seen from the weight changes measured after every 100 h oxidation (figure 
5.6). At lower temperatures (1050 and 1100 °C) very similar oxidation rates were observed 
throughout the oxidation time for the thick and thin specimens (figure 5.6 a). However, at higher 
temperatures (figure 5.6 b) a clear difference in behaviour between thick and thin specimens was 
observed. Thereby it is apparent that at 1150 °C until 200 h a similar oxidation rate was observed 
for the thick and the thin specimens but after that the thin specimen started to show a lower 
oxidation rate than the thick specimen. At 1200 °C this difference in oxidation rate was already 
found after 100 h, as shown before in figure 5.4. 
 
From these results it is clear that at higher temperatures of 1150 and 1200 °C a complex 
temperature dependence of the oxidation kinetics depending on specimen thickness prevails. 
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Figure 5.6: Weight change data of low Zr-doped FeCrAlY (batch JJG in table 5.1) during 
discontinuous oxidation for 500 h at different temperatures in air 
 
The metallographic cross sections (SEM) after oxidation for 500 h at the different temperatures 
in air are presented in figure 5.7 for thick (a,c,e,g) and thin (b,d,f,h) specimens. In general, the 
oxide scale consists of alumina with precipitates which are rich in Zr/Y. At lower temperature 
(1050 °C) the oxide scale thickness and the amount of zirconium rich precipitates present in the 
oxide scale is similar for the thick and the thin specimens. In addition to that, the oxide 
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scale/alloy interface is wavy unlike that in case of the Zr-free FeCrAlY alloy (see figure 5.1). 
With increasing temperature (1100 °C) the amount of Zr-rich precipitates in the oxide scale 
becomes more pronounced in both thick and thin specimens and the oxide scale/alloy interface 
becomes more wavy compared to specimens oxidized at 1050 °C. In addition, some pores can be 
seen in the oxide scales. However, the oxide scale thickness is similar for both specimen 
thicknesses. This corresponds to the obtained weight change data shown in figure 5.6. 
 
The macro images of the thick and thin specimens after oxidation at 1050 (fig 5.8 a) and 1100 °C 
(fig 5.8 b) are shown in figure 5.8. At both temperatures, the oxide scales showed a darker 
appearance than that on the Zr-free alloy (compare figure 5.2). Moreover, the oxide scale 
appearance is similar for both thick and thin specimens. 
 
A further increase in the oxidation temperatures to 1150 and 1200 °C leads to a clear difference 
in the oxide scale morphologies formed on thick and thin specimens (figures 5.7 e, f, g and h) 
which will be discussed in detail in the subsequent sections.  
 
      
 
Figure 5.7: Metallographic cross-sections (SEM images) of alumina scales on low Zr-doped 
FeCrAlY alloy (batch JJG in table 5.1) after 500 h oxidation at different temperatures in air; 
(a,c,e,g) thick specimen, (b,d,f,h) thin specimen 
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Figure 5.7: Continued. 
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Figure 5.8: Macro images of low Zr-doped FeCrAlY alloy (batch JJG in table 5.1) (a) 1050 (b) 
1100 °C. a) thin (left) and thick (right) specimens oxidized at 1050 ºC for 500 h; b) thin (left) and 
thick (right) specimens oxidized at 1100 ºC for 500 h; 
 
5.3.1 Oxidation behaviour as a function of specimen thickness at 1150 °C 
 
Metallographic cross-sections of specimens oxidized at 1150°C for 500 h are presented in figure 
5.9. A clear difference in morphology between the oxide scales formed on thin and thick 
specimens is observed. 
 
In the case of the thick specimen (figure 5.9a) Zr/Y-rich oxide precipitates could be found across 
the whole oxide scale thickness (approximately 12-16 µm) and the oxide scale exhibits 
substantial porosity. Additionally, a wavy scale/alloy interface was found. 
 
In contrast, figure 5.9b shows, that Zr/Y containing precipitates are present in the outer part of 
the scale (approximately 5-6 µm), whereas the inner part of the scale (around 40 % of the total 
oxide scale thickness) consists only of alumina and the oxide/alloy interface is flat.  
 
The findings about the Zr distribution in the scale are confirmed by the GDOES/SNMS depth 
profiles of the oxidized specimens (figure 5.10). After 500 h oxidation at 1150°C (figure 5.10 a) 
a flat profile of zirconium could be found across the whole oxide scale on the thick specimen. In 
case of the thin specimen (figure 5.10 b), the zirconium profile decreases in the region which 
corresponds to the inner part of the oxide scale. The measured Y profiles showed a minor 
enrichment compared to Zr. The enrichment is more pronounced in case of the thin specimen. In 
addition, the iron- and chromium contents are quite small in case of the thick specimen compared 
to the thin specimen.  
Mounting a) b) 
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Figure 5.9: Metallographic cross-sections (SEM images) of alumina scales on low Zr-doped 
FeCrAlY alloy (batch JJG in table 5.1) after 500 h oxidation at 1150°C in air; (a) thick specimen, 
(b) thin specimen 
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Figure 5.10: (a) Quantified GDOES depth profile of thick specimen and (b) Quantified SNMS 
profile of thin specimen of low Zr-doped FeCrAlY alloy (batch JJG in table 5.1) after 500 h 
oxidation at 1150°C in air 
 
The incorporation of Zr rich oxide particles in the alumina scale has been explained elsewhere 
[77, 82, 83, 95] to be caused by embedding of internal Zr oxide particles in the inwardly growing 
alumina scale. The differences in oxide scale morphologies formed on thick and thin specimens 
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has been shown [77, 95] to be related to the fact that during the oxidation process zirconium 
becomes depleted in the alloy, which is especially pronounced in case of the thin specimens. 
 
Figure 5.11 shows macro images of the Zr-containing model FeCrAlY alloy after 500 h 
oxidation at 1150°C in air for different specimen thicknesses. The alumina scale on the thick 
specimen exhibits a much darker appearance than that on the thin (Zr-depleted) specimen. Based 
on the microstructural investigations in previous studies [77] and in the present investigation the 
“dark” color observed for the thick specimen is mainly related to the wavy scale/oxide interface 
which is caused by the change in the oxide growth processes as a result of the embedded initially 
formed, internal ZrO2 precipitates [77, 83].  
 
      
Figure 5.11: Macro images of low Zr-doped FeCrAlY alloy (batch JJG in table 5.1) after 500 h 
oxidation at 1150°C in air; (a) thick specimen, (b) thin specimen. 
 
5.3.2 Oxidation behaviour as a function of specimen thickness at 1200 °C 
 
At the highest oxidation temperature of 1200 °C an effect of Zr depletion on oxide scale 
microstructure could also be found in the thick specimen after prolonged oxidation. Figure 5.12 
shows the metallographic cross sections of thick and thin specimens after 500 h oxidation in air 
at 1200 °C. Although a porous oxide morphology and presence of Zr/Y rich precipitates is 
observed, a small precipitate free zone (around 10 % of the total oxide scale thickness)  could be 
seen near the scale/alloy interface in case of the thick specimen. The thin specimen exhibits a 
much wider precipitate-free zone (around 60 % of the total oxide scale thickness) in the inner 
oxide scale accompanied by a flat scale/alloy interface.  
a) b) 
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Figure 5.12: Metallographic cross-section (SEM images) of alumina scales on low Zr-doped 
FeCrAlY alloy (batch JJG in table 5.1) after 500 h oxidation at 1200°C in air; (a) thick specimen, 
(b) thin specimen. 
 
The quantified GDOES depth profiles (figure 5.13) confirm the more pronounced depletion of Zr 
in case of the thin specimen. The Zr concentration is decreasing continuously from the scale/gas 
towards the scale/alloy interface in case of the thick specimen whereas Zr is clearly absent in the 
inner part of the scale in case of the thin specimen. It is interesting to note that the iron- and 
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chromium contents are smaller in case of the thin specimen compared to the thick specimen 
which is an opposite behaviour observed after 500 h oxidation at 1150 °C (compare figure 5.10).  
             
 
Figure 5.13: Quantified GDOES depth profiles of (a) thick specimen and (b) thin specimen of 
low Zr-doped FeCrAlY alloy (batch JJG in table 5.1) after 500 h oxidation at 1200°C in air 
 
The macro images of the corresponding thick and thin specimens are presented in figure 5.14. In 
case of 1200 °C oxidation both the thick and thin specimens exhibit light appearing oxide scales 
unlike the specimens oxidized at 1150 °C in which thin specimen exhibited a light oxide scale 
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whereas the thick specimen showed a dark appearance (figure 5.11). After the oxidation at 1200 
°C both the thick and thin specimen show a Zr/Y free zone in the inner part of the oxide scale as 
is evident from the cross sections (figure 5.12) and the GDOES depth profiles (figure 5.13). The 
GDOES profile of the thin specimen showed a more pronounced depletion of Zr (compare figure 
5.10 b and figure 5.13 b) than the 1150 °C oxidized specimen. In case of the thick specimen the 
Zr profile exhibited a slight reduction near the oxide/alloy interface (figure 5.13 a) which 
corresponds to the observed precipitate free zone (approximately 10 %) in the oxide scale (figure 
5.12 a).  
                      
 
 
Figure 5.14: Macro images of low Zr-doped FeCrAlY alloy (batch JJG in table 5.1) after 500 h 
oxidation at 1200°C in air; (a) thick specimen, (b) thin specimen. 
 
5.3.3 Instantaneous changes on the oxidation behaviour as a function of oxidation time 
 
As an extension to the effect of oxidation time on the oxide scale formation, the instantaneous 
changes in the oxide scale colour (from dark to light colour) of the Zr-doped alloy during the 
oxidation at 1200 °C was investigated by performing additional exposures in between 100 and 
500 h. The corresponding weight changes are shown in figure 5.6 and the macro images of the 
specimens oxidized for 100, 200, 300, 400 and 500 h in figure 5.15. A dark oxide scale after 100 
h of exposure is apparent. However, it is interesting to note that with increasing oxidation time 
the darkness of the oxide scale starts to diminish and finally reaches a light colour, typically 
observed for the Zr-free FeCrAlY alloy. After 200 h a clear change is visible. 
 
a) b) 
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The change in oxide scale colour is related to the depletion of Zr from the alloy matrix. After 100 
h oxidation still enough Zr is present in the alloy to produce the typical oxide morphology e.g. 
shown in Figure 5.9 a resulting in a dark oxide. With increasing time the Zr starts to deplete from 
the alloy matrix with a change in oxide morphology as e.g. shown in Figure 5.11 b resulting in a 
light appearing oxide scale. The minor difference in the weight change of the specimens exposed 
after 300 h is a clear evidence of the Zr exhaustion; as a result a behaviour typical for a Zr-free 
alloy occurs. 
 
     
 
Figure 5.15: Macro images of low Zr-doped FeCrAlY alloy (batch JJG in tale 5.1) after 100 - 
500 h discontinuous oxidation in laboratory air at 1200 °C (thick specimens) 
 
 
Figure 5.16 shows a plot of calculated mass change and the change in apparent kp values as 
function of oxidation time for thick specimens oxidized at 1200 °C for 500 h. Up to 300 h the 
oxidation rate (red dotted line) kp is approximately 0.04539 mg
2
·cm
-4
·h
-1
 and increases to an 
approximate value of 0.01787 mg
2
·cm
-4
·h
-1 
after longer exposure times. 
a) b) c) d) e) 
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Figure 5.16: Calculated mass change and apparent kp values of thick specimens of low Zr-doped 
FeCrAlY alloy (batch JJG in table 5.1) during 500 h discontinuous oxidation in laboratory air at 
1200 °C  
 
5.3.4 Quantification of internal oxidation of Zr and incorporation into alumina scale 
 
For a better quantification of the oxide scale formation as a function of alloy composition, 
component thickness and oxidation treatment, a mathematical model was developed by Young et 
al. [77] which describes the internal oxidation processes of the RE element Zr, beneath the 
alumina scale.  
 
Internal oxidation rates are controlled by the diffusion of solute oxygen and reacting metal 
toward the reaction front [77]. Wagner’s diffusion analysis predicts parabolic kinetics:  
 
                                                                 tkX
i
pi
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)(                                             (5.1) 
 
where X(i) is the depth of precipitation beneath an assumed immobile alloy-scale interface, t the 
time and kp
(i)
 is the rate constant.  
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The Wagner analysis applies to a semi-infinite system in which the supply of alloy solute is 
inexhaustible. This condition might not be applicable for all studied cases here as the thin alloy 
coupons are drained of their original zirconium content, depending on time and temperature. 
Nonetheless, application of the analysis is worthwhile for the insight it affords into the 
competing diffusion processes involved. 
 
Evaluation of kp
(i)
 depends upon the relative alloy permeabilities for O and Zr. Diffusion data are 
available for oxygen in δ-ferrite, but not for zirconium. To test Wagner’s criterion the 
approximation DZr ≈ DCr is used: 
 
                                                               )(00
s
ZrZr NDND                                     (5.2) 
 
where DONO
(s)
 is the oxygen permeability, NZr is the mole fraction of the solute Zr and DZr the 
diffusivity of Zr. 
 
 DCrNZr is several orders of magnitude greater than DONO
(s)
. In this case, 
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Using once more the approximation DZr ≈ DCr, kp
(i)
 can be calculated for different temperatures.  
 
Young et al.[77] showed a precipitation depth (X(i)) of less than 1 µm after 100 h oxidation at 
1200 and 1300 °C. These very shallow depths are, in fact, much less than the extents of alloy 
surface recession resulting from aluminum consumption by the growing scale. In this sense, the 
absence of any observable internal precipitation zone and the location of ZrO2 within the scale 
can be explained. 
 
The classical theory of internal oxidation provides a prediction of the enrichment factor of ZrO2: 
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It could be shown that the enrichment (α) of the Zr-rich internal oxide precipitates is given by: 
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in which NZr and 
)(s
ON  are the solubilities in the alloy of Zr and O respectively; DZr and DO are 
the respective diffusion coefficients.  
 
It was found that zirconium enrichment at the alloy surface is sustained by diffusion from the 
alloy interior. This process can be described using the solution to the non-steady-state problem of 
diffusion out of a thin plane sheet of initially uniform zirconium concentration. The boundary 
condition imposed is one of zero concentration at the sheet edges, corresponding to essentially 
complete precipitation [77]. 
 
It could be shown that the depletion of Zr is given by:    
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Where Mt is the quantity of Zr remaining in the flat specimen after time t, M0 is the total amount 
of Zr initially present and L is the specimen thickness. This expression can be used to calculate 
the time required to exhaust the alloy of the respective reactive element and will thus allow 
predicting the effect of zirconium addition on scale formation [77].   
 
Depletion of zirconium is effectively complete when the average value of NZr becomes less than 
the minimum required for ZrO2 precipitation: 
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Where minZrN is the minimum mole fraction of Zr required to form ZrO2 and spK  the solubility 
product. 
 
In order to compare the results of Young et al. [77] with the present results and get more detailed 
insight into oxide scale formation mechanism, qualitative and quantitative analysis were 
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performed on the oxide scales by TEM analysis and by measurement of depth of reactive 
element oxide precipitates. 
 
5.3.5 Qualitative and quantitative description of the Zr/Y precipitates in the oxide scales 
 
Reactive element oxide analysis by TEM investigations 
 
a. Oxidation at 1050 °C 
 
Figure 5.17 shows the TEM cross section of the oxide scales on thick (fig. a) and thin (fig. b) 
specimens after oxidation at 1050 °C for 100 h in air. A dense alumina scale of about 4 µm with 
a wavy oxide/alloy interface is found on both specimens.  
 
Figure 5.17: TEM cross section of oxide scale on low Zr-doped FeCrAlY alloy (batch JJG in 
table 5.1) after 100 h oxidation at 1050 °C; a) thick specimen b) thin specimen 
 
Additionally, substantial in-scale porosity is observed. In the oxide scale, grains with two distinct 
grain sizes are visible. The outer oxide scale (20 – 30 % of the total oxide scale) consists of 
small, equiaxed grains whereas the inner part is composed of large columnar grains. The EDX 
and semi-quantitative analysis of the corresponding specimens (figure 5.18) showed that the 
precipitates observed in the oxide scales are mainly enriched in Zr in both specimens. Figure 
a. thick specimen b. thin specimen 
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5.18 a shows Zr rich oxide in the outer oxide scale of the thick specimen and figure 5.18 b shows 
Zr rich oxide in the inner oxide scale. 
 
 
 
 
 
 
Figure 5.18: TEM cross section of oxide scale on low Zr-doped FeCrAlY alloy (batch JJG in 
table 5.1) after 100 h oxidation at 1050 °C; a) Thick specimen. Picture shows precipitates near 
the upper part of the oxide scale. Boxed area shows region of EDX analysis; b) Thin specimen. 
Picture shows precipitates near oxide/alloy interface. Arrow indicates the region of EDX 
analysed area near oxide/alloy interface) 
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b. Oxidation at 1150 °C 
 
Figure 5.19 shows a TEM cross-section image of the alumina scale formed on a thick specimen 
(1.2 mm) after 100 h isothermal oxidation in air at 1150 °C. The scale exhibits an alumina layer 
which consists of small equiaxed grains in the outer part. The grains in the inner part of the scale 
are larger and more elongated towards the scale/alloy interface. Moreover, the oxide/alloy 
interface is wavy.  
 
Figure 5.19: TEM cross section of oxide scale on thick specimen of low Zr-doped FeCrAlY alloy 
(batch JJG in table 5.1) after 100 h oxidation in air at 1150 °C 
 
Figure 5.20 shows the EDX maps of Fe, Cr, O, Al and Zr in the oxide cross section of the thick 
specimen. It shows that the top thin layer is rich in Fe and Cr. The inner oxide scale is porous 
and contains a substantial amount of Zr/Y rich precipitates. The porosity is mainly observed in 
the outer part of the scale and associated with the Zr-rich precipitates.  
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Figure 5.20: EDX elemental mapping of thick specimen of low Zr doped FeCrAlY alloy (batch 
JJG in table 5.1) after 100 h oxidation in air at 1150 °C 
 
 
c. Oxidation at 1200 °C 
 
Figure 5.21 shows the TEM cross section of the oxide scale on a thick specimen (1.2 mm) after 
oxidation at 1200 °C for 100 h in air. The scale has a thickness of approximately 13 µm and 
exhibits a wavy oxide/alloy interface and large amounts of light precipitates. Additionally, 
substantial in-scale porosity is observed. However, there are clear differences in the morphology 
of inner and outer alumina scale. The pores were present mainly in the outer part of the alumina 
scale.  
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Fig 5.21: TEM cross section of oxide scale on thick specimen of low Zr-doped FeCrAlY alloy 
(batch JJG in table 5.1) after 100 h oxidation at 1200 °C 
 
Further EDX analysis revealed that the precipitates near the oxide scale/alloy interface are rich in 
Zr and Y (figure 5.22) whereas the precipitates near the pores in the outer oxide scale are only 
enriched in Zr (see figure 5.23).  
 
 
Fig 5.22: TEM cross section on thick specimen of Zr-doped FeCrAlY alloy (batch JJG in table 
5.1) after 100 h oxidation at 1200 °C. Picture shows oxide scale near oxide/alloy interface. Point 
1 and 2 indicate locations of EDX analysis, shown in right picture 
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In addition, the size of the Zr/Y rich precipitates becomes large with increasing temperature.  
The observed porosity provides additional short-circuit paths for inward oxygen transport via 
molecular gas diffusion [83].  
 
 
 
Fig 5.23: TEM cross section on thick specimen of low Zr-doped FeCrAlY alloy (batch JJG in 
table 5.1) (thick specimen) after 100 h oxidation at 1200 °C. Picture shows precipitates in outer 
oxide scale. Boxed area shows region of EDX analysis 
 
Studies of Naumenko et al. [96] on Y+Zr doped FeCrAl alloys (1 mm thick specimens oxidized 
at 1200 – 1300 °C) showed that zirconium was found to diffuse and become enriched in the 
alumina scale faster than Y. An investigation on phase analysis revealed that alumina and 
zirconia do not form intermediate compounds, however zirconia reacts with yttria resulting in 
stabilization of the high temperature structure of tetragonal zirconia. It was shown that when 
zirconium is present within the alloy it prevents the formation of Y/Al-mixed oxides i.e. Yttrium-
Aluminium Garnet (YAG)/Yttrium-Aluminium Perovskite (YAP) which is usually observed in 
case of only Y doped FeCrAl alloys. The possible mechanism responsible for this behaviour 
could be “gettering” of yttrium by zirconium within the alloy before it can oxidize and segregate 
on the alloy grain boundaries. It was found that no Y-containing phases could be detected by 
XRD. It might be that small amounts of this element could be dissolved in the tetragonal zirconia 
(solubility limit for Y2O3
 
– 8 wt%) [12]. These findings are in agreement with the present results 
in which the observed SNMS data showed a lower Y content (figure 5.10 a) compared to Zr 
content in the oxide scales of the low Zr doped alloy.  
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In case of thin specimen a different oxide scale morphology was observed compared to the thick 
specimen (figure 5.24). A porous alumina scale with large amounts of precipitates was observed 
like in case of the thick specimen. However, the precipitate formation is restricted mainly to the 
outer oxide scale. The inner part of the oxide scale is free of precipitates and the oxide/alloy 
interface was flat, unlike that on the thick specimen. The EDX analysis revealed that the 
precipitates are rich in Y/Zr (figure 5.25). 
 
Figure 5.24: TEM cross section of oxide scale on thin specimen of low Zr-doped FeCrAlY alloy 
(batch JJG in table 5.1) after 100 h oxidation at 1200 °C 
 
Figure 5.25: TEM cross section of oxide scale on thin specimen of low Zr-doped FeCrAlY alloy 
(batch JJG in table 5.1) after 100 h oxidation at 1200 °C. Picture shows oxide scale near 
oxide/gas interface. Boxed area shows region of EDX analysis                   
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The results show hardly any internal oxidation zone in the oxidized specimens. This is in 
agreement with the observations of Young et al.[77] described in section 5.3.4. 
 
Quantitative analysis of the Zr/Y precipitates in the alumina scales 
 
The distribution of the Y/Zr-rich precipitates were measured from SEM cross section images 
using analySIS
®
 software. Figure 5.26 shows an example of the measurements of Y/Zr-rich 
precipitates in the alumina scale of a thick specimen oxidized at 1200 °C for 100 h in air. The 
precipitate depths were measured at several points in the oxide scale and an average value was 
used in the plot.  
                                   
Figure 5.26: Example of depth measurements of Y/Zr rich precipitates in the alumina scale on 
low Zr-doped (batch JJG in table 5.1) FeCrAlY alloy (thick specimen oxidized for 100 h at 1200 
°C) using analySIS
®
 
 
Figure 5.27 shows the depth of Zr/Y precipitates formed in the oxide scale as a function of 
reciprocal temperature on thick and thin specimens of the low Zr-doped FeCrAlY alloy after 100 
and 500 h oxidation at different temperatures. In case of thick specimens (fig.5.27 a) one can see 
that there is a constant increase in the depth of the Zr/Y-rich precipitates depths with increasing 
temperature for both 100 and 500 h oxidized specimens. On the other hand, the width of the zone 
in case of thin specimens (fig. 5.27 b) is similar to thick specimens at 1050 °C.  
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Figure 5.27: Depth of Y/Zr rich precipitates in the oxide scale of low Zr-doped FeCrAlY alloy 
(batch JJG in table 5.1) after 100 and 500 h oxidation in air at temperatures in the range 1050 – 
1200 °C; a. thick specimens, b. thin specimens 
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However, at higher temperatures a substantial difference was observed between thick and thin 
specimens. Thick specimens show a wider zone of Y/Zr-rich precipitates than thin specimens 
and the width of the zone in case of thin specimens only slightly increases with increasing 
temperature.  
 
5.4 Kinetics of Zr depletion as a function of specimen thickness 
 
The weight change data and microstructural characterization results of the low Zr-doped 
FeCrAlY alloy after 500 h discontinuous oxidation at 1050 – 1200 °C revealed a clear difference 
in the oxidation behaviour of thick and thin specimens after oxidation at 1150 and 1200 °C.  
 
For obtaining further detailed insight into the effect of Y/Zr depletion on the development of 
alumina scale morphology, TG analysis during isothermal oxidation at 1150 - 1200 °C in 
synthetic air for 100 h were carried out. Figure 5.28 shows the weight change data during the 
isothermal oxidation at 1150, 1175 and 1200 °C in synthetic air for thick and thin specimens. 
The data were corrected for buoyancy effects occurring during specimen heating. In general, the 
thick specimens show a higher oxidation rate with increasing temperature. The thin specimens 
show a lower weight change than the thick specimens. It is interesting to note that during the 
exposure at 1200 °C, the weight changes of the thin specimen are higher than at 1175 °C until 
around 55 h of oxidation. Thereafter a similar weight change was observed until the end of the 
total exposure time of 100 h.  
 
A comparison of the weight gains of the thick and thin specimens after 100 h exposure is shown 
in figure 5.29. It illustrates that with increasing temperature the difference between the oxidation 
rates of thick and thin specimens increases. Figure 5.30 presents the instantaneous apparent kp 
values as function of time for thick and thin specimens at different temperatures. The kp values 
are calculated from the weight change data in figure 5.28 and derived by differentiation of 
Δm2(t)-plots. At all the temperatures both the thick and thin specimens showed an early stage 
decrease in kp followed by an increase to a higher value and finally a subsequent decrease. 
 
An important observation is that at all three temperatures the observed kp value is approximately 
constant in case of thick specimens after the early stages of oxidation whereas the thin specimens 
show decreasing kp values in course of time. At 1150 °C the kp value starts to decrease after 
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approximately 32 h and at 1175 °C after 25 h. During 1200 °C oxidation it occurs already after 
approximately 10 hours.  
 
               
               
     
Fig 5.28: Weight change data of low Zr-doped FeCrAlY alloy (batch JJG in table 5.1) during 100 
h isothermal oxidation at different temperatures; a) thick specimens, b) thin specimens 
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Figure 5.29: Weight changes of low Zr-doped FeCrAlY alloy (batch JJG in table 5.1) after 100 h 
isothermal oxidation at different temperatures (compare figure 5.21) 
 
The metallographic cross sections of the specimens oxidized at 1150, 1175 and 1200 °C are 
shown in figure 5.31. In case of the thick specimens at all the temperatures a thick and porous 
oxide scale prevailed in which Zr/Y rich precipitates were found all over the scale thickness. For 
all cases a wavy scale/alloy interface was observed whereby the degree of waviness increased 
with increasing temperature.  
 
In the thin specimens a clear precipitate and pore free zone is visible in the alumina scale near 
the scale/alloy interface at all the three test temperatures which corresponds to Zr depletion from 
the alloy matrix. Moreover, the precipitate free zone becomes larger with increasing temperature. 
It indicates that the complete depletion of Zr from the alloy matrix occurs earlier at higher 
temperature but at approximately the same alumina scale thickness.  
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Figure 5.30: Instantaneous, apparent kp values of low Zr-doped FeCrAlY alloy (batch JJG in 
table 5.1) during isothermal oxidation at 1150, 1175 and 1200 °C for 100 h; a) thick specimens 
b) thin specimens 
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Figure 5.31: Metallographic cross-sections (SEM images) of alumina scales on low Zr-doped 
FeCrAlY alloy (batch JJG in table 5.1) after 100 h isothermal oxidation at different temperatures 
in air; (a,c,e) thick specimen, (b,d,f) thin specimen. 
 
In both specimen types the alumina scale contains substantial amounts of Zr/Y rich precipitates. 
This is accompanied by a relatively high oxidation rate. Due to bulk alloy Zr depletion, 
precipitation of Zr/Y rich oxides is after a given time no longer possible in case of thin 
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specimens. This results in a strong decrease in the instantaneous kp value. The time at which this 
effect occurs decreases with increasing temperature due to the increase in Zr-depletion with 
increasing temperature.  
 
Figure 5.32 shows the time for occurrence of complete Zr-depletion as a function of oxidation 
temperature in the thin specimens during 100 h isothermal oxidation of the Zr-doped FeCrAlY 
alloy. The data were taken from the apparent kp values of the corresponding specimens (see 
figure 5.30). Experiments performed between 1050 – 1100 °C showed no Zr-depletion in the thin 
specimens during 100 h oxidation (Figure 5.28 a). Whereas at 1150 °C Zr-depletion starts after 
32 h and the depletion starts earlier with increasing temperature.  
   
Figure 5.32: Approximate times of Zr-depletion on thin specimens of low Zr-doped FeCrAlY 
alloy (batch JJG in table 5.1) during isothermal oxidation at 1150, 1175 and 1200 °C for 100 h  
 
The surface morphology of the oxide scales on the thick and thin specimens oxidized at 1150 °C 
for 100 h is shown in figure 5.33. The morphologies on both specimens appear to be quite 
similar, i.e. complete Zr-depletion occurring in the thin specimen apparently does not have a 
substantial influence on the morphology of the oxide surface. 
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Figure 5.33: Surface morphology (SEM images) of alumina scales on low Zr-doped FeCrAlY 
alloy (batch JJG in table 5.1) after 100 h isothermal oxidation at 1150 °C in air on a) thick and b) 
thin specimen  
 
The incorporation of Zr in the oxide scale results in formation of short circuit paths [95] for 
oxygen transport leading to a higher growth rate (figure 5.10 a). This is initially the case for the 
thick as well as the thin specimen. Due to the low Zr-reservoir complete depletion of Zr in the 
bulk alloy occurs earlier in the thin specimens, resulting in formation of a precipitate free zone 
and a flat oxide scale/alloy interface. After this Zr-depletion the alloy behaves similar as a Zr-
free Y-doped alloy.  
 
Earlier studies [12] showed oxide scale microstructures after the depletion of Zr from the alloy 
matrix. Figure 5.34 shows the back scattered electron image of a 1 mm specimen oxidized at 
1200 °C in air for 1000 h. 
 
  
 
Figure 5.34: SEM images of Al2O3
 
scale on 1 mm specimen of alloy FeCrAlY+Zr (1 mm thick) 
after oxidation at 1200°C in air for 1000 hours: a) backscattered electrons, b) 
cathodoluminescence [12] 
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The cathedoluminescence (figure 5.34 b) clearly shows that the outer oxide scale consists of 
small, equiaxed grains whereas the inner part shows columnar grains which are typical for 
alumina scales formed on a Zr-free FeCrAlY alloy [12].  
 
5.5 Mechanisms of Zr-incorporation into the alumina scale 
 
Based on the results obtained from the previous experiments a mechanism of the oxide scale 
formation for Zr-doped FeCrAl alloy in the temperature range 1050 – 1200 °C in air can be 
defined. Figure 5.35 is an illustration of the oxidation mechanism in different stages which is a 
modified version of that presented by Naumenko et al.[83]. 
 
During the initial (transient) stage of the oxidation process (figure 5.35 a), a thin layer of Fe-Cr-
rich oxides forms on the specimen surface [92]. This is evident from the obtained 
SNMS/GDOES depth profiles of the thick and thin specimens exposed e.g. at 1150 °C (see 
figure 5.10). In the second stage (figure 5.35 b), i.e. after partial Zr depletion in the alloy, an 
alumina scale starts to form with large columnar grains. During the growth of the alumina scale 
internal oxidation of Zr (+Y) starts to occur and continues until sufficient availability of Zr for 
the diffusion from the bulk alloy towards the internal oxidation zone. During the third stage, 
(figure 5.35 c) the internal oxide precipitates become embedded in the alumina scale causing an 
increase in the oxidation rate due to formation of smaller equiaxed alumina grains, resulting in an 
increase in the number of diffusion paths for oxygen (i.e. oxide grain boundaries). As oxygen 
grain boundary diffusion is known to be the dominating transport process in the alumina scale 
[83], this results in an enhanced scale growth rate. In addition, Zr precipitates can grow further 
within the oxide scale forming cylindrical shapes as observed in the cross section images. In this 
stage of the oxidation, Y-oxide, initially present in the internal oxidation zone together with Zr, 
apparently becomes unstable with the result that pores are formed next to the Zr-oxide 
precipitates in the alumina scale (Figure 5.9).  
 
A fourth oxidation stage occurs due to exhaustion of the Zr reservoir in the alloy matrix (Figure 
5.35 d). The time at which this oxidation stage starts to occur decreases with increasing 
temperature and decreasing specimen thickness. If the inner interface of the alumina scale moves 
into the alloy at a greater depth than the depth of the Zr-containing internal oxidation zone, the 
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inner part of the oxide starts to form like on a Zr free material, i.e. large columnar grains are 
formed. The latter effect is responsible for the decrease of the oxidation rate observed  
 
 in thick specimens at 1200 °C after approximately 300 h 
 in thin specimens at 1150 and 1200°C after approximately 32 and 10 h respectively 
 
Figure 5.35: Schematic illustration of oxide formation on low Zr-doped FeCrAlY alloy (batch 
JJG in table 5.1). Based on own results and mechanism proposed in reference [83]. 
 
Based on the oxide scale analysis obtained from the 500 h oxidized specimens (different 
temperatures and specimen thicknesses) it can be concluded that the thick specimens are in the 
third stage of the oxidation process illustrated in figure 5.35 until 1150 °C and switch to the 
fourth stage at 1200 °C (figure 5.35 d), whereas the thin specimens reach the fourth stage earlier 
at 1150 °C, as shown in table 5.2 with a precipitate free zone of approximately 40 % of the total 
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oxide scale thickness. The effect is more pronounced in the thin specimen in case of 1200 °C 
(width of precipitate free zone approximately 60 % of oxide thickness). It shows that the wavy 
oxide/alloy interface and the dark appearance of the oxide scale vanishes in this fourth stage.  
                              
      
Oxide thickness (µm) Y/Zr depleted zone (%) Oxide thickness (µm) Y/Zr depleted zone (%)
1050 3.9 0 3.8 0
1100 10.5 0 4.8 0
1150 13.3 0 6.1 40
1200 21.8 10 6.5 60
Temperature 
(°C)
thick specimen thin specimen
 
    
Table 5.2: Summary of effect of Zr depletion from the alloy matrix on oxide precipitates for 
thick and thin specimens of low Zr-doped FeCrAlY alloy (batch JJG in table 5.1) after oxidation 
for 500 h at 1050 – 1200 °C indicating oxide thicknesses and relative amounts (in %) of Y/Zr-
depleted zone 
 
5.6 Effect of oxidation time on the oxide scale emissivity 
 
For correlating the observed compositional and morphological changes of the oxide scales as 
function of temperature and specimen thickness with the scale emissivities, two thick specimens 
were oxidized at 1200 °C in air for 100 and 500 h. From the previous results it is obvious that the 
specimen oxidized for long term (500 h) showed a higher weight gain than that oxidized for only 
100 h (figure 5.6). However, an important finding was, that the macroscopic appearance of the 
specimens differed after the two oxidation times. Figure 5.36 shows macro images of the low Zr-
doped FeCrAlY alloy (thick specimens) after 100 and 500 h oxidation in air at 1200°C.  
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Figure 5.36: Macro images of low Zr-doped FeCrAlY alloy (batch JJG) (thick specimens) 
oxidized at 1200°C in air; (a) 500 h, (b) 100 h 
 
In case of the short exposure time of 100 h the oxide scale surface is “dark” (figure 5.36 b), 
however, the specimen oxidized for 500 h possesses a “light” oxide (Figure 5.36 a).  
 
The metallographic cross sections (figure 5.37) confirmed the findings described in section 5.3, 
revealing that both specimens possess a porous oxide scale containing Zr/Y rich precipitates. 
However, after 500 h a precipitates free zone occurs in the alumina near the oxide scale/alloy 
interface due to Zr-exhaustion from the alloy matrix leading to a flat interface; this was not 
observed after 100 h oxidation. The obtained oxide scale after 100 h oxidation contains Zr/Y-rich 
precipitates throughout the oxide scale accompanied with a wavy scale/alloy interface. It shows 
that in spite of the presence of Zr oxide rich precipitates and pores in the long term oxidized 
specimen, the obtained wavy interface is lost after 500 h oxidation. This may indicate that, the 
more wavy interface seems to be an important reason for the dark appearance of oxide scale after 
short term (100 h) oxidation.  
 
a) b) 
Specimen thickness – 1mm 
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Figure 5.37: Metallographic cross-sections (SEM images) on thick specimens of low Zr-doped 
FeCrAlY alloy (batch JJG in table 5.1) oxidized at 1200°C in air; (a) 100 h, (b) 500 h 
 
The GDOES depth profiles shown in figure 5.38 show the presence of Zr, Y and Ti after 
oxidation of 100 and 500 h.  In case of 100 h oxidized thick specimen (figure 5.38 a) Zr is 
present throughout the oxide scale whereas the Zr profile of the 500 h oxidized specimen (figure 
5.38 b) showed a slight reduction in the Zr concentration. It confirms the presence of Zr in case 
of the thick specimen after 100 h and Zr-depletion in case of the 500 h oxidized specimen. The 
measured Y and Ti profiles showed more or less a similar behaviour in both specimens. In both 
cases a small enrichment of Y can be observed in the oxide scale and notable Ti enrichment can 
only be found at the scale/gas interface. 
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Figure 5.38: Quantified GDOES depth profiles on thick specimens of low Zr-doped FeCrAlY 
alloy (batch JJG in table 5.1) oxidized at 1200°C in air; (a) 100 h, (b) 500 h 
 
The differences in macroscopic appearances of the specimens after different oxidation times are 
expected to be correlated with difference in emissivities. This will be discussed in the following 
section. 
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5.6.1 Emissivity measurements of the oxide scales 
 
Figure 5.39 depicts the effect of exposure time at 1200°C in air on the emissivity of the oxide 
scales formed on the thick Zr-doped FeCrAlY specimens (specimens from figures 5.36 – 5.38). 
The emissivity values are shown in arbitrary units, i.e. they are compared with those of a 
standard, Zr-free FeCrAlY model alloy (alloy 4 in Table 7.1, section 7.1). For this standard alloy 
the emissivity values at 900°C were taken as 1 and the other emissivity data were related to this 
value.  
 
It can be seen that there is a substantial change in the emissivity values with increasing time 
during oxidation at 1200 °C. The “dark” appearing, thick specimen (after 100 h of oxidation, at 
1200°C) exhibited much higher emissivity values than the specimen oxidized for 500 h (“light” 
oxide scale). The latter specimen gives values which are very similar to those measured for the 
standard Zr-free alloy. It illustrates that in spite of the observed pores and RE-rich precipitates in 
the oxide scales of short and long term (100 and 500 h) oxidized specimens, the emissivity of the 
long term oxidized specimen exhibited a similar emissivity as that of the Zr-free alloy. It 
indicates that the pores/precipitates are not primarily responsible for the higher emissivity. The 
obtained difference in the waviness of the scale/alloy interface may thus be the main reason for 
the high emissivity of the short term (100 h) oxidized specimens accompanied by a dark oxide 
appearance.  
 
The effect of surface roughness on spectral emissivity was previously studied by Wen et al. [97] 
for aluminum alloys (AL 1100 and AL 7075). They observed that the surface roughness alters 
the spectral emissivity substantially, resulting in a 2- to 3-fold increase in emissivity for rough 
surfaces compared to polished surfaces.  
 
Extensive studies proved that total emissivity or spectral emissivity could be effectively 
enhanced via suitable doping by impurity concentration in SiC system [89]. It was suggested that 
suitable dopants with transition metal oxides diluted in silicate glasses may yield an emissivity as 
high as 0.9. The emissivity spectra at room temperature for 0.1%, 0.25% and 0.5% Cr2O3 doped 
compounds indicated that the concentration of Cr2O3 dramatically enhanced the normal spectral 
emissivity. This enhancement was related to formation or precipitation of new phases on the 
grain boundary of the silicate glasses due to substitution [89].  
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Figure 5.39: Measured emissivity of the oxide scales formed on thick specimens of low Zr-doped 
FeCrAlY alloy (batch JJG) during oxidation at 1200 ºC in air for 100 h (red line) and 500 h 
(black line). Results are compared with data for a thick specimen of a Zr-free alloy (batch JJC in 
table 6.1) oxidized for 100h at 1200 °C in air 
 
Table 5.3 shows measured emissivity data of specimens of the Zr-free and Zr-doped FeCrAlY 
alloys after oxidation at 1200 °C. The emissivity values were measured at room temperature and 
extrapolated (see section 4.4) to 1050 °C. It is apparent that the emissivity values of the 
specimens with a dark oxide are larger than those of the specimens with a light oxide 
(approximately 0.78 and 0.66 respectively). These values are in a similar range as those reported 
by Hattendorf [82] for dark and light appearing alumina scales on different types of FeCrAl 
alloys, whereby an indirect method was used for measuring the emissivities. 
     
      
Zr doped alloy (alloy 1 / JJG) 100 h dark 0.78
Zr doped alloy (alloy 1 / JJG) 500 h light 0.62
Zr-free alloy (alloy 4 / JJC) 100 h light 0.64
Alloy / batch Oxidation time Oxide scale apperance Measured relative emissivity value
 
 
Table 5.3: Real emissivity values (extrapolated to 1050°C) measured for thick specimens of Zr 
doped model FeCrAlY alloy (batch JJG in table 5.1) and Zr-free FeCrAlY alloy (batch JJC in 
table 6.1) oxidized at 1200°C in air 
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5.7 Further approaches for increasing emissivity 
 
It is important to note that, although the addition of Zr leads to a promising high emissivity 
(“dark colour”) on the oxide scale of FeCrAlY alloy, the effect is lost after long times specially 
at higher temperatures and in thin components. Therefore, a number of additional approaches 
were attempted in this work to obtain a more substantial increase of emissivity coefficients of the 
alumina scales during long term exposure. The approaches were sub-divided into four groups, 
which will be discussed in the subsequent chapters. 
 
1. Changes of the type and concentration of reactive elements: (Chapters 6 and 7) 
 Increasing the Zr content in the alloy 
 Using a reactive element which forms a more stable oxide than zirconium 
 Alloys with Ti-content 
 
2. Changing the oxidizing atmosphere: (Chapters 8 and 9) 
 Oxidation in low pO2, H2O/H2 base atmosphere 
 Combined atmosphere exposures (change from low to high pO2 gases)  
 
3. Changing the oxidation temperature: (Chapter 10) 
 Changing oxidation temperature during experiment (high/low temp.) 
 Combined atmosphere/temperature changes during experiment 
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6 Effect of increasing Zr-content on the oxide scale emissivity 
 
6.1 General remarks 
 
The results presented in section 5.5.1 have shown, that a substantial increase in the emissivity of 
the alumina scale could be obtained by a Zr addition of 0.03 wt.%. This effect was caused by the 
morphological changes of the oxide scale as a result of incorporation of Zr-oxide precipitates, 
formed most probably by internal oxidation, into the alumina scales. However, the increased 
emissivity tended to vanish after longer exposure times due to exhaustion of the Zr reservoir in 
the alloy. The time for occurrence of this loss in increased emissivity decreased with increasing 
temperature and decreasing component thickness. 
 
Therefore, as a next approach for the stabilization of increased emissivity of the alumina scales 
during longer exposure times, the effect of higher Zr concentrations on the scale formation 
mechanisms of the FeCrAlY alloys was investigated. For this purpose two high purity model 
FeCrAlY alloys with increased Zr concentration were produced. The alloys are designated as 
medium (0.14 wt.%) and high (0.23 wt.%) Zr doped alloys based on the Zr concentration in the 
alloy. Table 6.1 shows the major difference in the reactive element additions in the alloys. A 
more detailed chemical composition can be found in the appendix. The oxidation behaviour of 
these two alloys at temperatures between 1050 and 1200 °C was investigated and compared with 
that of the low Zr doped alloy (alloy 1 in table 6.1) described in the previous sections. 
 
         
Y Zr Ti Hf Mn
alloy 1 / JJG low Zr 0.05 0.031 0.033 < 0.01 < 0.002
alloy 2 / MPG Medium Zr 0.06 0.14 < 0.01 0.04 < 0.01
alloy 3 / MPP high Zr 0.07 0.23 < 0.01 0.06 0.24
Alloy / batch Alloy type
Composition (wt.%)
         
Table 6.1: Reactive element additions of the investigated FeCrAl alloys with increased Zr 
content compared with the low-Zr reference alloy (alloy 1) described in the previous sections 
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6.2 Effect of increasing Zr content on the oxidation behaviour 
 
Figure 6.1 shows the weight change data of the medium and high Zr doped alloys (alloys 2 and 3 
in table 6.1) compared to that of the low Zr doped alloy (alloy 1 in table 6.1) after 500 h of 
discontinuous oxidation in air at temperatures between 1050 and 1200 °C. At 1050 °C the low Zr 
doped alloy shows hardly any difference in the oxidation rates between thick and thin specimens 
(figure 6.1 a).  
     
Figure 6.1: Weight change data of thick and thin specimens of low, medium and high Zr-doped 
FeCrAlY alloys after 500 h discontinuous oxidation in air at (a) 1050, (b) 1100, (c) 1150 and (d) 
1200 °C 
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Figure 6.1: continued. 
 
It appears that up to 1150 °C the thick specimens of the medium Zr-doped alloy show a higher 
oxidation rate than the low Zr doped alloy. In contrary, the thin specimens of the two alloys 
show similar oxidation rates at these temperatures.  
 
It is important to note that, at 1200 °C the thick specimen of the medium Zr doped alloy 
exhibited a smaller weight change than that of the low Zr doped alloy. In case of the thin 
specimens, the weight changes for both alloys were very similar. However, this is not the case 
for the alloy with high Zr-content (alloy 3 in table 6.1). In case of the high Zr doped alloy a much 
higher weight change was observed compared to the low and medium Zr doped alloys. In 
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addition, a clear difference in the weight change was observed between thick and thin specimens 
at all the temperatures (1050 - 1200 °C) after 500 h oxidation, especially at 1200 °C.  
 
6.2.1 Oxide scale appearance and morphology as a function of alloy composition at 
1050°C 
 
The changes in the oxide scale appearance after 500 h oxidation at 1050 °C can be seen from the 
macro images of the specimens (figure 6.2). The macro images for both thick and thin specimens 
of the medium Zr-doped alloy revealed a darker oxide scale (figure 6.2 a) than the low Zr-doped 
alloy (compare figure 5.8 a). In case of the high Zr doped alloy a dark oxide scale appearance is 
observed regardless of the specimen thicknesses. In particular, a very dark oxide scale was 
obtained for the “thick specimen” (figure 6.2 b) which was the one exhibiting the highest 
oxidation rate among all the alloys during 500 h oxidation at 1050 °C (figure 6.1 a).  
 
 
 
Figure 6.2: Macro images of thick and thin specimens of Zr-doped FeCrAlY alloys after 500 h 
oxidation at 1050°C in air; (a) medium Zr (b) high Zr doped alloys 
 
The metallographic cross sections of these medium and high Zr alloys are presented in figure 
6.3. At 1050 °C a strong internal oxidation occurs in the thick as well as the thin specimens of 
medium Zr doped alloy. This effect was not found in case of the low Zr-doped alloy (compare 
figure 5.7) in which the Zr/Y-rich precipitates were only present in the alumina scale and hardly 
any internal oxidation zone was found. In case of the medium Zr doped alloy, Zr-rich 
precipitates were present throughout the scale and in the alloy, especially in the thick specimen.  
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Figure 6.3: Metallographic cross-sections (SEM images) of alumina scales on medium and high 
Zr doped FeCrAlY alloys after 500 h oxidation at 1050 °C in air; (a,c - thick specimens), (b,d - 
thin specimens) 
 
The oxide scale morphologies of the thick and thin specimens of high Zr-doped alloy (alloy 3) 
show an even more pronounced internal oxidation zone (figure 6.3 c, d) especially in the thick 
specimen. A large amount of Zr-rich precipitates was found in the scale and the alloy for both the 
thick and thin specimens.  
 
These results show that increasing Zr content in the FeCrAlY alloys (medium and high Zr doped 
alloys) leads to the formation of dark oxide scale appearance especially in the thick specimens. 
However, this is accompanied by an undesired rapid increase of the oxidation rate which is 
hazardous and a strong factor affecting the life time of the alloy component. The results in Fig. 
6.3 b, however, indicate that for thin foil heating elements (typically 50 – 200 µm thickness) an 
optimized high Zr content might be a suitable concept for obtaining a high emissivity, because 
apparently, a dark appearing oxide may be obtained without occurrence of dramatic internal 
oxidation. 
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The over-doping effect of RE-doped FeCrAl alloys was discussed by several authors [10, 19, 53, 
98, 99]. Over-doping of RE produces detrimental effects, in that the oxidation rate is increased 
and the scale adhesion decreased [10]. Excess RE in the alloy can form a second phase oxide or 
intermetallic compound with Al. When incorporated into the surface scale, these oxides allow for 
fast oxygen transport, thus increasing the oxidation rate. They can also promote internal 
oxidation. The large internal oxide stingers can act as crack initiators, hence reducing scale 
adhesion [100]. If too much RE is incorporated into the scale, RE oxide particles can form on 
oxide grain boundaries. These particles again can allow faster oxygen transport, thus increasing 
the scale growth rate [99]. 
 
The upper limit of reactive element content leading to over-doping depends sensitively on the 
aluminum concentration. 0.04 % zirconium, which was sufficient to cause severe internal 
oxidation in the FeCr7Al alloys, did not cause internal oxidation in FeCr5Al alloys [10]. An 
important finding of the present studies is that the occurrence of over-doping substantially 
depends on specimen thickness. 
 
Further investigations on the oxide scale surfaces were performed in order to find the reason for 
the obtained dark oxide scales in the high Zr-doped alloy. Figure 6.4 and 6.5 shows the surface 
morphology of thick and thin specimens of the high Zr doped alloy after 500 h oxidation at 1050 
°C. The EDX analysis revealed, next to Al, Cr and O, a substantial amount of Mn in the outer 
part of the oxide on the thick and the thin specimens. The Mn-rich outer oxide may contribute to 
the appearance of the dark oxide scales.   
 
Manganese is present in the high Zr doped alloy as minor alloying addition (0.23 wt.%). This 
element is commonly present in commercial alloys and has a high affinity for oxygen and 
commonly participates in oxide scale formation. In the oxide Mn is generally associated with Cr 
and is localised in the outer part of the alumina scale [101].  
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Figure 6.4: Surface morphology (SEM image) and EDX spectra of oxide scale formed on “thick 
specimen” of high Zr doped FeCrAlY alloy after 500 h discontinuous oxidation at 1050 °C in air 
 
In numerous studies on high temperature oxidation [24, 102, 103] it has been shown, that Mn-
rich oxides frequently tend to be enriched at the scale/gas interface. Formation of a Mn rich 
oxide phase in the form of MnCr2O4 spinel is frequently observed in case of high chromium 
steels when exposed to oxidizing atmospheres [102]. Wilson et al. [103] observed a similar effect 
for low carbon, low alloy steel after annealing studies at 700 °C. It was proposed that Cr2O3 and 
MnO combine to form MnCr2O4 by solid state reaction at the annealing temperature.  
 
In Solid Oxide Fuel Cell applications, small amounts of Mn are commonly added to ferritic 
interconnect steels to obtain external formation of CrMn-spinel, which is expected to decrease 
the formation of volatile Cr-species [24, 104-107]. In addition, Steel ZMG232 produced by 
Hitachi Metals contains high amounts of Cr (~23 wt.%) and a 0.48 wt.% of Mn with Zr as a 
reactive element additions and also forms a double-layered oxide scale with Cr, Mn-spinel on the 
top [24]. 
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Figure 6.5: Surface morphology (SEM images) and EDX spectra of oxide scale formed on “thin 
specimen” of high Zr doped FeCrAlY alloy after 500 h discontinuous oxidation at 1050 °C in air 
 
 
Mn effect in the alumina forming alloys 
 
Earlier studies of Herbelin et al. [101] showed a similar Mn enrichment on Mn-doped Fe-20Cr-
5Al alloy (1.5 mm thick specimen) after oxidation at 1100 °C in air. They found Mn in the outer 
part of the oxide scale and in oxide cracks which act as fast diffusion pathways. They concluded 
that the presence of Mn in the oxide scale is related to the fast diffusivity (faster than Cr and Fe) 
of this element at high temperatures. In addition, Mn is associated with Cr to form spinel oxide 
MnCrO4 in the alumina scale [108]. This type of oxide is less protective than Cr2O3 and is also 
known to be detrimental in alurnina-forming alloys [109]. 
 
Investigations of Klöwer et al. showed a similar Mn-effect for Fe-20.5Cr-7Al alloy doped with 
titanium and zirconium [10]. They observed Mn enrichment in combination with over-doping of 
reactive elements in the FeCrAl alloys. The alloy doped with additional titanium and zirconium 
suffered severe internal oxidation during exposure at 1100 °C in air. Both the outer oxide scales 
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and the subscale consisted of Al2O3 with the inner scale containing particles of zirconium oxide, 
chromium oxide and manganese oxide. The authors also mentioned that zirconium 
concentrations of 0.04 % and above cause severe internal oxidation in Fe-20.5Cr-7Al alloys [10]. 
 
Recent studies of Engkvist et al. [73] revealed a similar behaviour in case of a low Al (1.2 wt.%) 
containing FeCrAl alloy. In their study an outer Cr and Mn-rich oxide layer was obtained in 
addition to an intermediate chromia layer and a thin inner alumina layer after 72 h exposure at 
900 °C.  
 
Mayer et al. [110] observed a MgAl2O4 spinel on the outer surface of a magnesium containing 
FeCrAl alloy after exposure at 1200 °C in air. In their study it was observed that Mg, together 
with Mn, diffuses through the inner Al2O3 layer in direction of the scale/gas interface. Reaction 
of the magnesium with alumina leads to spinel formation accompanied by initiation of voids in 
the outer part of the scale. 
 
To get more insight into the Mn enrichment in the oxide scales, EDX analysis of cross sections 
from the thick and thin specimens of the high Zr doped alloy after 500 h oxidation at 1050°C 
were carried out. Figures 6.6 and 6.7 show the EDX maps of the elements Fe, Cr, O, Al, Zr, Hf 
and Mn in cross sections of thick and thin specimens respectively. Both the oxide scales were 
rich in Zr/Hf containing precipitates. In addition, in case of the thick specimen, a thin Mn rich 
layer can be seen in the outer part of the oxide from figure 6.6 (red marked). A less pronounced 
Mn-enrichment was observed for the thin specimen (figure 6.7). Mn enrichment can be observed 
along with Zr and Hf rich precipitates. This result indicates that also the formation of outer Mn 
containing spinel, not only the bulk alloy Mn concentration but also the Mn reservoir is of 
importance. Similar findings were made by Huczkowski et al.[24] for Cr/Mn spinel formation on 
chromia forming ferritic steels. 
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Figure 6.6: EDX elemental mapping of high Zr doped alloy oxidized for 500 h at 1050 °C in air 
(thick specimen) 
 
 
Figure 6.7: EDX elemental mapping of high Zr doped alloy oxidized for 500 h at 1050 °C in air 
(thin specimen) 
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The enrichment of reactive elements (Y, Zr and Hf) in the oxide scales of medium and high Zr 
doped alloys was quantitatively analysed by GDOES depth profiles. Additionally, Mn 
concentration in the oxide scale was analysed for the high Zr-doped alloy. Figure 6.8 and 6.9 
show the quantified GDOES depth profiles of thick and thin specimens (alloys 2 and 3 in table 
6.1) respectively after 500 h oxidation at 1050 °C. It can be seen that for both the alloys a higher 
Zr enrichment was observed compared to Y after 500 h oxidation. As a result, a continuous 
supply of Zr leading to a strong internal oxidation and dark oxide scale compared to the low Zr 
doped alloy. In case of the high Zr doped alloy the GDOES profile shows a much higher Mn 
concentration (20 At.%) in the oxide scale of the thick specimen (figure 6.8 b). A smaller Mn 
enrichment was observed in case of the thin specimen (figure 6.9 b). The formation of Mn rich 
spinel at the surface confirms this finding (figures 6.6 and 6.7). In addition, the Fe and Cr 
enrichment in the oxide scales of the high Zr doped alloy is very high compared to that in case of 
the medium Zr doped alloy.  
 
These results indicate that increasing the Zr content in FeCrAlY leads to a higher enrichment of 
Zr in the oxide scales of medium and high Zr doped alloys. In case of high Zr doped alloy, that 
contains also Mn, an enrichment of Mn can also be found in the oxide scale resulting in a much 
darker oxide scale after the exposure at 1050 °C especially for the thick specimens. 
 
The phase compositions were verified by XRD analysis (figure 6.10) from the thick specimen of 
the high Zr doped alloy after oxidation at 1050 °C for 500 h. The results clearly revealed the 
presence of a spinel phase, next to α-Al2O3 and smaller amounts of ZrO2. The XRD lines were in 
good agreement with those for MnAl2O4. However, due to the high solubility of the spinel phase 
for numerous elements (e.g. Cr), the exact composition could not unequivocally be derived from 
the XRD measurements. 
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Figure 6.8: Quantified GDOES depth profiles of oxide scales formed on thick specimens of a) 
medium and b) high Zr doped FeCrAl alloys after 500 h discontinuous oxidation at 1050 °C in 
air  
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Figure 6.9: Quantified GDOES depth profiles of oxide scales formed on thin specimens of a) 
medium and b) high Zr doped FeCrAl alloys after 500 h discontinuous oxidation at 1050 °C in 
air  
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Figure 6.10: XRD spectrum of thick specimen of high Zr doped alloy after oxidation for 500 h at 
1050°C in air 
 
6.2.2 Oxide scale appearance and morphology as a function of alloy composition at 
1200°C 
 
 
Figure 6.1 d shows that, unlike the oxidation behaviour at 1050 °C, a substantial difference in the 
weight change was observed between thick and thin specimens of all the alloys after 500 h 
oxidation at 1200 °C. The low and medium Zr-doped alloys show almost similar oxidation rates 
(Alloys 1 and 2 in table 6.1) at this highest test temperature whereas a big difference in the 
oxidation rate was obtained between the thick and thin specimens of the high Zr doped alloy 
(Alloy 3 in table 6.1).  
 
The macro images of the medium and high Zr alloys after 500 h oxidation at 1200 °C are shown 
in figure 6.11. In general both alloys possess a darker oxide scale than the low Zr doped alloy 
(compare figure 5.14). However, the oxide scales are less dark than those on the specimens 
oxidized at 1050 °C.   
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Figure 6.11: Macro images of thick and thin specimens of Zr-doped FeCrAlY alloys after 500 h 
oxidation at 1200 °C in air; (a) medium Zr (b) high Zr doped alloys 
 
Figure 6.12 shows the SEM cross sections of the thick and thin specimens of the medium and 
high Zr-doped alloys.  
 
The oxidation at 1200 °C resulted in a severe internal oxidation with a porous oxide scale rich in 
Zr-rich precipitates for the medium Zr doped alloy (figure 6.12 a and b) and the oxide scale/alloy 
interface is very wavy independant of specimen thicknesses. Contrary to this, the low Zr alloy 
(compare figure 5.12) showed a precipitate-free zone due to Zr depletion leading to a light oxide 
scale especially in the thin specimen.  
 
In case of the high Zr doped alloy a more pronounced internal oxidation was found. It can be 
seen that the thick specimen (figure 6.12 c) possesses a more wavy metal/oxide interface than the 
thin specimen (figure 6.12 d). The oxide scales are porous and contain large amounts of Zr-rich 
precipitates throughout the oxide scale on both the thick and thin specimens.  
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Figure 6.12: Metallographic cross-sections (SEM images) of alumina scales on medium and high 
Zr doped FeCrAlY alloys after 500 h oxidation at 1200 °C in air; (a,c - thick specimens), (b,d - 
thin specimens) 
 
Further investigations on the oxide scale surfaces were carried out and figures 6.13 and 6.14 
show the surface morphology of thick and thin specimens of the high Zr doped alloy after 500 h 
oxidation at 1200 °C. The EDX analysis revealed that in both the thick and thin specimens at 
some points the observed area was enriched with “Al-Cr-Mn spinels”. Formation of Cr/Mn-rich 
spinels in case of alumina forming alloy were reported in reference [101]. However, in the own 
studies several regions were free from Al-Cr-Mn rich spinels. The exact reason for the locally 
low Mn enrichment with increasing oxidation temperature (1200 °C) is currently not known.  
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Figure 6.13: Surface morphology (SEM image) and EDX spectra of alumina scale formed on 
thick specimen of high Zr doped FeCrAlY alloy after 500 h discontinuous oxidation at 1200 °C 
in air 
 
In order to confirm the obtained results, the depth profiles of the main elements in the oxide 
scales of the medium and high Zr doped alloys were quantitatively analysed by GDOES. 
Quantified depth profiles of selected elements are shown in figures 6.15 and 6.16 for thick and 
thin specimens respectively after 500 h oxidation at 1200 °C.  
 
In case of the medium Zr doped alloy the enrichment of Zr in the scale is for both specimen 
types more pronounced than that of Y (and Hf). On the other hand, a high Mn concentration was 
observed in the oxide on the high Zr-doped alloy. However, the measured Mn concentration at 
the surface was lower than in case of the specimens oxidized at 1050 °C, which is in agreement 
with the SEM results of the oxide surfaces (figures 6.13 and 6.14).  In addition, the Fe and Cr 
enrichment in the oxide scales of high Zr doped alloy is higher than in case of the medium Zr 
doped alloy. 
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Figure 6.14: Surface morphology (SEM image) and EDX spectra of alumina scale formed on 
thin specimen of high Zr doped FeCrAlY alloy after 500 h discontinuous oxidation at 1200 °C in 
air 
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Figure 6.15: Quantified GDOES depth profiles of oxide scales formed on thick specimens of a) 
medium and b) high Zr doped FeCrAl alloys after 500 h discontinuous oxidation at 1200 °C in 
air 
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Figure 6.16: Quantified GDOES depth profiles of oxide scales formed on thin specimens of a) 
medium and b) high Zr doped FeCrAl alloys after 500 h discontinuous oxidation at 1200 °C in 
air 
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6.3 Emissivity measurements  
 
6.3.1 Emissivity measurements of high Zr doped alloy after oxidation at 1050 °C 
 
 
The measured emissivity values of the oxide scales of the low and high Zr doped alloys after 100 
h oxidation at 1050 °C in air are presented in figure 6.17. The emissivity values are compared 
with those of a Zr-free alloy oxidized under the same conditions. It shows a clear difference 
between the high and low Zr-doped alloys, a much higher emissivity value being obtained for the 
high Zr alloy.  
 
         
Figure 6.17: Measured emissivities of the oxide scales on thick specimens of low Zr (alloy 1 in 
table 6.1), high Zr (alloy 3 in table 6.1) and Zr-free FeCrAlY (alloy 4 in table 7.1) alloys 
oxidized at 1050 ºC for 100 h in air 
 
6.3.2 Emissivity measurements of high Zr doped alloy after oxidation at 1200 °C 
 
The measured emissivity values of the thick specimen of the high Zr doped alloy after 100 h 
oxidation at 1200 °C in air are compared with those of the low Zr and Zr-free alloys oxidized 
under the same conditions in figure 6.18. The obtained higher emissivity on the high Zr doped 
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alloy revealed that it is possible to increase the emissivity of the oxide scale by increasing Zr-
content in the alloy.  
          
Figure 6.18: Measured emissivities of the oxide scales on thick specimens of high Zr (alloy 3 in 
table 6.1), low Zr (alloy 1 in table 6.1) and Zr-free FeCrAlY (alloy 4 in table 7.1) alloys oxidized 
at 1200 ºC for 100 h in air 
 
The oxide scale emissivity of alumina scales of FeCrAlY alloys for different oxidation 
temperatures is plotted in figure 6.19. It shows the emissivity values of thick specimens of the 
high Zr doped alloy oxidized for 100 h at 1050 and 1200 °C compared with the emissivity values 
of the Zr-free alloy. For both alloys the specimen oxidized at 1200 °C showed a higher 
emissivity value than that oxidized at 1050 °C. In case of the Zr-free alloy the specimen exposed 
at 1200 °C showed a higher emissivity value than that oxidized at 1050 °C. On the other hand, 
the high Zr doped alloy exhibited a much higher emissivity value than the Zr-free alloy after 
oxidation at both temperatures. However, the difference between the emissivity values of the 
high Zr-doped alloy after 1050 °C and 1200 °C oxidation is smaller. The effective Mn-
enrichment obtained in the high Zr doped alloy after the oxidation at 1050 °C starts to vanish 
with increasing oxidizing temperature (figures 6.13 and 6.14). This could be a reason for this 
small difference in the emissivity value of the high Zr-doped alloy after oxidation at 1050 °C and 
1200 °C. 
 
0.9
1
1.1
1.2
1.3
1.4
850 900 950 1000 1050 1100 1150 1200 1250
Temperature [°C]
E
m
is
s
iv
it
y
 (
A
.u
.) 100 h, Low Zr
100 h, Zr-free FeCrAlY
100 h, High Zr 
  114 
       
Figure 6.19: Measured emissivities of the oxide scales on thick specimens of high Zr and Zr-free 
FeCrAlY alloys oxidized at 1050 °C and 1200 ºC for 100 h in air 
 
6.4 Summarising the effect of low, medium and high Zr doping on the oxide scale 
emissivity 
 
A plot of RE-rich precipitate depth as function of Zr content measured on thick and thin 
specimens oxidized at 1050 °C in air for 500 h (figure 6.20 a) shows a continuous increase in the 
precipitate depths with increasing Zr content in the alloy. Here, the scale thickness is 
approximated from the oxidation data obtained in figure 6.1 using the factor 5.3 µm/(mg·cm-2) 
[62]. In case of low Zr doped alloy both thick and thin specimens showed similar precipitate 
depth. However, the medium and high Zr doped alloys exhibit a clear difference in the RE-rich 
precipitate depth between thick and thin specimens. The thin specimens show a smaller 
precipitate depth than the thick specimens. 
 
On the other hand, after the higher temperature exposure at 1200 °C, a clear difference in the 
precipitates depths was observed between thick and thin specimens (figure 6.20 b) for all the 
alloys.  
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Figure 6.20: Measured depth of RE-rich precipitates (Oxide scales + Internal oxidation zones) 
for thick and thin specimens of alloy with different Zr content (alloy 1, 2 and 3 in table 6.1) after 
oxidation for 500 h at (a) 1050 and (b) 1200 ºC in air 
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The amount of Zr addition in an FeCrAlY alloy as studied in chapter 5 and 6 appeared to have a 
significant effect on the oxidation behaviour at temperatures between 1050 and 1200 °C. The 
effect of different Zr-additions can be summarized as follows: 
 
(i) Low Zr additions 
 
The minor additions of Zr to the alloy is a promising concept for obtaining oxide scales with a 
higher emissivity than the scales obtained with Zr-free alloys. However, the increased emissivity 
tends to be lost after long term exposures. The time at which this effect occurs decreases with 
decreasing specimen thickness and increasing temperature. 
 
(ii) Medium Zr additions 
 
The experimental results show that a moderate increase of Zr content in the alloy leads to a 
significant effect on the oxide scale appearance. However, the increase of emissivity is 
accompanied by an undesired rapid increase of the oxidation rate and especially by a strong 
internal oxidation zone for thick specimens.  
 
(iii) High Zr additions 
 
High Zr additions to the FeCrAlY result in a strong internal oxidation for both thick an thin 
specimens. The extensive analytical results and the measured emissivity values revealed that the 
presence of Mn resulted in a major change of the oxide scale emissivity by forming Mn-rich 
spinel phase on the oxide surface. However, the Mn-enrichment starts to vanish with increasing 
oxidation temperature. The exact reason for the locally low Mn enrichment with increasing 
oxidation temperature (1200 °C) is currently not known.  
 
The emissivity measurements showed a higher emissivity value (compare figures 6.17 and 6.18) 
of the high-Zr doped alloy compared to the low Zr doped alloy after oxidation at both 
temperatures (1050 and 1200 °C). It shows that an increase in Zr content leads to a significant 
change in the oxide scale emissivity in the FeCrAlY alloys. 
 
Although the increase of Zr content in the alloy has a positive effect in the oxide scale emissivity 
it has an adverse effect in terms of oxidation kinetics. The observed large difference in the 
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weight change between high and low Zr doped alloy reveals an undesired rapid increase of the 
oxidation rate (“Over-doping”) in case of thick specimens.  
 
However, the present studies clearly revealed that the extent of internal oxidation and 
accompanying high scale growth rate is not only governed by the alloy Zr concentration but also 
by the Zr reservoir in the alloy, i.e. it decreases with decreasing component thickness. The 
envisaged application of the studied alloys in heating elements requires the use of thin foils 
typically with a thickness in the range of 50 – 200 µm.  For this kind of application an optimized 
high Zr content might be a promising concept for obtaining higher oxide scale emissivities 
without occurrence of substantial internal oxidation.  
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7 Effect of other oxygen active elements on the oxide scale emissivity 
 
7.1 General remarks 
 
One of the approaches to stabilize the internal oxide precipitates for retaining the increased 
emissivity would be the use of reactive elements forming oxides which are thermodynamically 
more stable than zirconia. It was shown in reference [12] that minor additions of Hf and Ti may 
have a positive effect on the high temperature oxidation behaviour of FeCrAl alloys. 
Additionally, Ti is known to become enriched at outer alumina surfaces (section 2.3.1) which 
might affect scale emissivity. Therefore, as a final step of the reactive element modifications 
approach, the effect of Hf and Ti additions on the scale formation of FeCrAlY alloy was 
investigated. Figure 7.1 shows the dissociation pressures of different reactive element oxides in 
comparison with those of chromia and alumina. The figure shows that HfO2 is 
thermodynamically more stable than ZrO2 [12]. 
 
 
Figure 7.1: Dissociation pressures of various oxides as function of reciprocal temperature 
(calculated using Factsage™) [111] 
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Based on the thermodynamic stability data an attempt was made to extend the internal oxidation 
process to longer times by minor additions of Hf into the FeCrAlY alloy. For this purpose a high 
purity model FeCrAlY alloy doped with Hf (0.03 wt.%) instead of Zr was produced (alloy 4 in 
table 7.1). The major reactive element additions in the alloy is listed in table 7.1 and compared 
with the previously investigated low Zr doped alloy (alloy 1 in table 7.1). A more detailed 
chemical composition of the alloy can be found in the appendix. 
    
          
Y Zr Ti Hf Mn
alloy 1 / JJG low Zr 0.05 0.031 0.033 < 0.01 < 0.002
alloy 4 / JJC low Hf 0.053 < 0.005 < 0.005 0.03 < 0.002
Alloy / batch Alloy type
Composition (wt.%)
         
Table 7.1: Chemical compositions of the studied FeCrAl model alloys with Hf additions 
compared with that of low-Zr alloy 
 
7.2 Effect of low Hf-doped alloy 
7.2.1 Short term exposures with low Hf-doped alloy 
 
Weight changes of the low Hf-doped alloy specimens of different initial specimen thicknesses 
(1.2 mm - thick and 0.2 mm - thin specimens) after oxidation at temperature between 1050 and 
1200 °C for 100 h in air are compared with the oxidation data of the low Zr-doped alloy in figure 
7.2 a and b.  
  
After 1050 °C oxidation, the low Hf-doped alloy (alloy 4 in table 7.1) showed a slightly lower 
oxidation rate than the low Zr-doped alloy. However, at 1200 °C a larger difference in the 
oxidation rate between the alloys was registered for thick specimens. The alloy doped with Hf 
(alloys 4) showed a lower oxidation rate in case of the thick specimen. However, in case of the 
thin specimen similar oxidation rates are found for the two alloys.  
 
The metallographic cross sections of the thick and thin specimens of the low Hf doped alloy 
(alloy 4 in table 7.1) after 100 h oxidation at 1050 and 1200 °C are shown in figure 7.3. At 1050 
°C both the thick and the thin specimens exhibit a flat oxide/alloy interface. Oxide precipitates 
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were found only at very few places. At 1200 °C a porous alumina scale with Hf/Y rich 
precipitates was observed. Moreover, the oxide/alloy interface was wavy.    
      
Figure 7.2: Weight change data of thick and thin specimens of low Zr and low Hf doped 
FeCrAlY alloys (alloys 1 and 4 in table 7.1) after 100 h discontinuous oxidation oxidation in air 
at a) 1050 and b) 1200 °C  
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Figure 7.3: Metallographic cross-sections (SEM images) of alumina scales on low Hf doped 
FeCrAlY alloy (alloy 4 in table 7.1) after 100 h oxidation at 1050 and 1200 °C in air; (a,c - thick 
specimens), (b,d - thin specimens) 
 
7.2.1.1 Quantitative data of the in-scale precipitates after short term exposures 
The measured in-scale precipitate depths for thick and thin specimens of the low Hf doped alloy 
(alloy 4 in table 7.1) are shown in figure 7.4. The values are compared with the precipitate depths 
measured for the low Zr doped alloy at the corresponding temperatures. In general the thick 
specimens exhibited a wider depth of in-scale precipitates than the thin specimens.  In case of 
thick specimens, (figure 7.4 a) at 1050 °C a slightly larger precipitate depth was observed for the 
low Zr doped alloy compared with the Hf doped alloy. The difference in the precipitation depth 
becomes larger with increasing temperature. On the other hand, the thin specimens of the two 
alloys (figure 7.4 b) show no clear difference after 1050 °C oxidation whereas only a small 
difference was observed at higher temperature. The scale on the low Hf doped alloy showed a 
larger in-scale precipitates depth than the low Zr doped alloy. 
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Figure 7.4: Measured depth of Zr/Y or Hf/Y precipitates in the alumina scales on thick and thin 
specimens of low Zr and low Hf doped FeCrAlY alloys (alloys 1 and 4 in table 7.1) after 
oxidation for 100 h at 1050 and 1200 ºC in air 
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This indicates that after 100 h oxidation a sufficiently large Zr or Hf-reservoir is available in case 
of thick specimens for the incorporation of RE-precipitates into the alumina scale. However, the 
low Hf-doped alloy shows a smaller precipitate depth than the low-Zr alloy. In contrary, the 
observed larger precipitate depth in the thin specimens of the Hf-doped alloy with increasing 
temperature indicates that the available reservoir for Hf is not yet depleted whereas a complete 
exhaustion of the Zr-reservoir occurs in the low Zr doped alloy.  
 
In previous investigations [83] of a similar Hf-doped alloy it was reported that the alumina scales 
on Hf-doped FeCrAlY alloy grow by a similar mechanism like that of the low Zr-doped alloy, 
i.e. short-circuit diffusion of oxygen. The authors observed that Y incorporation in the oxide was 
suppressed and substantial Hf incorporation into the oxide scale occurred. It was claimed that 
this effect is due to a higher mobility of Hf in the alloy compared to Y. The authors also pointed 
out that Y incorporation in the scale was suppressed by presence of Zr.  
 
The reason for the less pronounced internal oxidation of Hf compared to Zr might be, the lower 
Hf content in the alloy (in at.%) and/or the slower diffusivity of Hf in the alloy matrix, compared 
to that of Zr [83]. The Zr starts to deplete from the thin specimen of the Zr doped alloy leading to 
a lower depth of internal oxide precipitates compared to the low Hf-doped alloy. 
 
7.2.2 Long term exposures with low Hf-doped alloy 
 
The long term (up to 500 h) oxidation results of the low Hf doped alloy compared to those of the 
low Zr doped alloy are presented in figure 7.5. In general at both test temperatures (1050 °C and 
1200 °C) the alloy doped with low Hf exhibits a lower oxidation rate than the low Zr doped 
alloy. At 1050 °C (figure 7.5 a) the difference in the oxidation rate between the alloys is smaller 
than at 1200 °C (figure 7.5 b) especially in case of thick specimens.  
 
The metallographic cross sections of the thick and thin specimens of the low Hf doped alloy after 
500 h oxidation are shown in figure 7.6. At 1050 °C both the thick and the thin specimens 
exhibit very similar oxide scale thicknesses with some Hf-rich precipitates across the oxide scale. 
A similar oxide scale morphology was observed for the low Zr doped alloy at this temperature 
(compare figure 5.7).  
  124 
However, the macro images shown in figure 7.7 a exhibited a lighter appearing oxide scale for 
the Hf doped alloy compared to the low Zr-doped alloy (compare figure 5.8 a). From these 
results it can be stated that at 1050 °C, the low Hf doping does not show a substantial positive 
effect in terms of oxide scale appearance and thus no substantially larger emissivity values are 
expected.  
 
An increase in the oxidation temperature from 1050 – 1200 °C leads to a substantial difference in 
the oxide scale morphology for the low Hf-doped alloy (figure 7.6 c and d). After oxidation at 
1200 °C a wavy alloy/oxide interface is observed in case of the thick specimen. However, the 
amount of precipitates and the microporosity in the oxide scale is far less pronounced than in 
case of the low Zr-doped alloy (compare figure 5.12). In case of the thin specimen of the low Hf 
doped alloy the observed precipitate free zone is smaller compared to the low Zr-doped alloy. 
The macro images (figure 7.7 b) show oxide scales which are slightly darker than those formed 
on the low Zr-doped alloy after long term exposure at 1200 °C.  
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Figure 7.5: Weight change data of thick and thin specimens of low Zr and low Hf doped 
FeCrAlY alloys (alloys 1 and 4 in table 7.1) after 500 h discontinuous oxidation oxidation in air 
at a) 1050 and b) 1200 °C  
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Figure 7.6: Metallographic cross-sections of alumina scales on low Hf doped FeCrAlY alloy 
(alloy 4 in table 7.1) after 500 h oxidation at 1050 °C and 1200 °C in air; (a and c - thick 
specimens), (b and d - thin specimens) 
 
 
         
Figure 7.7: Macro images of a) thick (left) and thin (right) specimens; b) thick (left) and thin 
(right) of low Hf doped alloy oxidized at 1050 ºC and 1200 °C for 500 h 
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7.2.2.1 Quantitative description of the RE-precipitates after long term exposures 
The depth of RE-precipitates and the depth of precipitate free zone in the oxide scales of thick 
and thin specimens oxidized for 500 h at 1200 °C is plotted in figure 7.8 for the low Zr and low 
Hf doped alloys (alloys 1 and 4 in table 7.1). The measurements were performed using analySIS 
software as mentioned in section 5.3.5. In the graph the origin “0” corresponds to the “scale/gas 
interface”.  
          
                         
Figure 7.8: Measured depth of Zr/Y or Hf/Y precipitates and the depths of the precipitate free 
zones in the alumina scales on a) thick and b) thin specimens of low Zr and low Hf doped 
FeCrAlY alloys (alloys 1 and 4 in table 7.1) after oxidation for 500 h at 1200 ºC in air 
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In case of the thick specimens (figure 7.8 a) only the low Zr-doped alloy exhibits a small 
precipitate free zone in the oxide scale, whereas no depletion zone is observed in case of the Hf 
doped alloys. On the other hand, a precipitate free zone is observed for both the alloys in case of 
the thin specimens (figure 7.8 b). However, the percentage of the precipitate free zone of the 
total oxide scale thickness is much lower for the low Hf doped alloy than for the low Zr doped 
alloy.  
 
These measurements reveal that in case of the low Hf containing alloy the reactive element 
depletion in the bulk alloy starts to occur after longer oxidation times. The experimental 
observations show that this is not only related to the higher thermodynamic stability of Hf-oxide 
compared to Zr-oxide but also due to the smaller diffusion coefficient of Hf compared to that of 
Zr in the alloy matrix [83]. In the low Zr doped alloy a fast diffusion of Zr results in an early 
depletion which is accompanied by formation of a flat oxide scale/alloy interface especially in 
thin specimens (see figure 5.7). 
 
7.2.3 Emissivity of the oxide scales 
 
The emissivity values of the low Hf-doped alloy specimens oxidized at 1200 °C for 100 h in air 
are compared with those obtained for the low Zr-doped alloy oxidized under the same conditions 
in figure 7.9. A higher emissivity was observed for the low Zr doped alloy. In spite of the 
observed wavy oxide/alloy interface and slow diffusion of Hf in the alloy, the thick specimen 
oxidized for 100 h at 1200 °C does not exhibit a dark scale appearance, and thus high emissivity, 
as found for the low Zr doped alloy. A possible explanation might be, that for similar oxidation 
times (before full RE reservoir exhaustion occurs) the waviness of the oxide/alloy interface of 
the low Hf doped alloy is less pronounced than that of the low Zr doped alloy (see figures 5.7 a 
and 7.6 a). 
 
Additionally it has to be kept in mind that the atomic masses of Zr and Hf substantially differ (91 
vs 178). As the tested alloys contain both 0.03 wt.% Zr or Hf respectively, the volume fraction of 
Hf in the alloy is far less than that of Zr in the low Zr alloy. As a result, the volume fraction of 
Hf-oxide precipitate in the oxide and/or alloy matrix will be smaller than that of ZrO2 in the low 
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Zr alloy. Additionally, the diffusivity of Hf in the bulk alloy is smaller than that of Zr. This will 
result in a less extensive enrichment of Hf-oxide in the alumina scale. 
 
The experimental data reveal that the addition of Hf results at both 1050 and 1200 °C in a lower 
oxidation rate than the low Zr doped alloy. The observed oxide scale emissivity was lower than 
that of the low Zr doped alloy. However, it can be expected that the higher emissivity values than 
that of the low Zr doped alloy may be sustained up to longer exposure times. 
 
           
Figure 7.9: Measured emissivities of the oxide scales on  “thick specimens” of low Zr and low 
Hf doped FeCrAlY alloys (alloys 1 and 4 in table 7.1) oxidized at 1200 ºC for 100 h in air 
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Y Zr Ti Hf Mn
alloy 4 / JJC zero Ti 0.053 < 0.005 < 0.005 0.03 < 0.002
alloy 5 / JJH low Ti 0.05 < 0.005 0.031 0.029 < 0.002
alloy 6 / NEK high Ti 0.026 < 0.01 0.64 0.035 0.043
Alloy / batch Alloy type
Composition (wt.%)
 
 
Table 7.2: Chemical compositions of the studied FeCrAl model alloys with and without Ti 
additions 
 
The long term oxidation results (up to 500 h) of the low Hf doped alloys (with and without Ti 
additions) at 1050 and 1200 °C are presented in figure 7.10. At 1050 °C (figure 7.10 a) the alloys 
doped with low Ti and high Ti i.e. alloys 5 and 6 in table 7.2, exhibit a slightly higher oxidation 
rate than the Ti-free low Hf doped alloy.  
 
At 1200 °C a substantial difference in the oxidation rate prevailed between the Ti-free and Ti-
doped alloys (alloy 4, 5 and 6 in table 7.2). An increase in the weight change was observed with 
increasing Ti content especially in case of thick specimens (figure 7.10 b).   
 
Several authors, have shown, that in Ti containing FeCrAl base alloys Ti-containing oxides tend 
to be formed at the scale/gas interface after long term oxidation [36, 112, 113]. Doping the alloy 
with moderately high Ti content, thus offers the possibility of modifying the emissivity of the 
alumina surface scales.  
 
For alumina formers, especially FeCrAl alloys, the role of Ti additions on the oxidation 
properties is controversially discussed: in some cases a positive, in other cases a negative effect 
is reported, whereas other authors claim Ti to have no significant effect on oxidation. In 
reference [114] it was shown that Ti additions of 0.4 wt.% to an yttria containing FeCrAl alloy 
substantially improve the adherence of the alumina surface scales. It has been reported in an 
earlier study [113] that two Ti-containing FeCrAl alloys with very similar compositions, showed 
substantial difference in oxidation behaviour at 1200 °C. As a result of porous oxide scale 
formation a higher oxidation rate was observed in one of the alloys which could be correlated 
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with a high nitrogen content. However, no indications concerning the effect of Ti on scale 
emissivity was reported.  
 
 
Figure 7.10: Weight change data of thick and thin specimens of Ti-free, low Ti and high Ti 
doped FeCrAlY alloys (alloys 4, 5 and 6 in table 7.2) after 500 h discontinuous oxidation in air at 
a) 1050 and b) 1200 °C 
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The metallographic cross sections of the thick and thin specimens of low Ti and high Ti doped 
alloys after 500 h oxidation at 1050 °C are shown in figure 7.11. The thick and the thin 
specimens of the low Ti doped alloy exhibit very similar oxide scale thicknesses with some Hf-
rich precipitates across the oxide scale.  
 
 
Figure 7.11: Metallographic cross-sections of alumina scales on low Ti and high Ti doped 
FeCrAlY alloys (alloys 5 and 6 in table 7.2) after 500 h oxidation at 1050 °C in air; (a and c - 
thick specimens), (b and d - thin specimens) 
 
In case of the high Ti doped alloy a more wavy oxide/alloy interface was observed especially in 
case of the thick specimen. A similar oxide scale morphology was observed for the low Zr doped 
alloy at this temperature (compare figure 5.7). 
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However, the macro images shown in figure 7.12 exhibited a lighter appearing oxide scale for 
the low and high Ti doped alloys (alloys 5 and 6 in table 7.2) than for the low Zr-doped alloy 
(compare figure 5.8 a). From these results it can be concluded that at 1050 °C, the addition of Ti 
to the low Hf doped alloys does not show a positive effect in terms of oxide scale appearance and 
thus no substantially larger emissivity values are expected.  
 
         
Figure 7.12: Macro images of a) thin (left) and thick (right) specimens of low Ti doped FeCrAlY 
alloy; b) thin (left) and thick (right) of high Ti oxidized at 1050 ºC for 500 h; 
 
An increase in the oxidation temperature from 1050 to 1200 °C leads to a substantial change in 
the oxide scale morphology for the low and high Ti doped alloys (figure 7.13). After oxidation at 
1200 °C a wavy alloy/oxide interface is observed in case of thick specimens especially for low Ti 
doped alloy (alloy 5 in table 7.2). The oxide scales on the high Ti-doped alloy contained Hf/Ti 
rich precipitates. In addition, a Ti rich surface layer was found for the high Ti-doped alloy.  
 
a) b) 
thin thick thin thick 
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Figure 7.13: Metallographic cross-sections of alumina scales on low Ti and high Ti doped 
FeCrAlY alloys (alloys 5 and 6 in table 7.2) after 500 h oxidation at 1200 °C in air; (a and c - 
thick specimens), (b and d - thin specimens). Dashed line in Fig. b indicates Hf/Y precipitates 
free zone 
 
The enrichment of reactive elements (Y, Hf and Ti) in the scale is shown in the EDX maps of the 
(figure 7.14) cross section of the thick specimen of the high Ti doped alloy after 500 h oxidation 
at 1200 °C. The elements Ti and Hf are enriched at the outer scale as a discontinuous layer and at 
some places in the inner oxide scale. In addition, Y rich precipitates are present in the alloy. 
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Figure 7.14: Elemental mapping of high Ti doped alloy (alloy 6 in table 7.2) showing Y, Hf and 
Ti concentration in the oxide scale and alloy after 500 h oxidation at 1200 °C 
 
However, the amount of precipitates and the microporosity in the oxide scale is far less 
pronounced than in case of the low Zr-doped alloy (compare figure 5.7). In case of thin 
specimens of the Ti-free and Ti-doped alloys, the observed precipitate free zone is smaller than 
in case of the low Zr-doped alloy.  
 
The macro images (figure 7.15 a) show oxide scales which are slightly darker than those formed 
on the low Zr-doped alloy after long term exposure at 1200 °C. The oxide scale morphologies 
(figure 7.13) clearly show that for the thick specimen precipitates are present throughout the 
oxide scale whereas the low Zr-doped alloy exhibited a precipitate free zone in the inner oxide 
scale (10 % of the total oxide scale thickness). However, the high Ti doped alloy (alloy 6 in table 
7.1) exhibited a light oxide scale (figure 7.15 b) regardless of specimen thicknesses.  
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Figure 7.15: Macro images of a) thin (left) and thick (right) specimens of low Ti doped FeCrAlY 
alloy; b) thick (left) and thin (right) of high Ti doped alloys (alloys 5 and 6 in table 7.2) oxidized 
at 1200 ºC for 500 h 
7.4 Summary of the effects of other reactive element additions on the oxide scale 
formation  
 
The weight change data of the low Hf-doped alloy (alloy 4 in table 7.1) revealed a lower oxide 
growth rate than found for the low Zr doped FeCrAlY alloy especially in the thick specimens at 
higher temperatures. Microstructural investigations reveal that Hf together with Y becomes 
incorporated into the oxide scale. The oxide scale morphology shows a wavy oxide/alloy 
interface after oxidation at 1200 °C. However, the measured emissivity values for the low Hf-
doped alloy was lower than that of the low Zr doped alloy.  
 
The oxidation experiments after 500 h exhibited a slower Hf mobility in the alloy matrix, 
compared to that of Zr. Hence, a smaller effect was obtained for the low Hf doped alloy 
concerning oxide scale emissivity. However, due to the slower incorporation of Hf into the oxide 
scale, one might assume that the slight increase in emissivity compared to that of Zr is retained 
up to longer exposure times. 
      
The addition of Ti (alloys 5 and 6 in table 7.2) together with low Hf resulted in a similar 
oxidation behaviour as that of the Ti-free low Hf alloy (alloy 4 in table 7.2). In case of the high 
Ti-doped alloy (alloy 6 in table 7.2) a Ti/Hf-rich layer was observed at top of the oxide scale on 
both thick and thin specimens. However, the oxide scales showed no significant improvement in 
emissivity compared to the low Zr-doped alloy.  
 
 
a) 
b) thick thin thick thin 
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8 Effect of oxidizing atmosphere on the oxidation behaviour of Zr-doped 
FeCrAlY alloy 
 
8.1 General remarks 
 
The experimental results from chapters 5 – 7 discuss the effect of modifying the amount and type 
of reactive elements on the scale growth rate and oxide scale emissivity of FeCrAlY alloys. The 
results clearly reveal that the most promising results in respect to increased oxide emissivity are 
obtained by Zr doping, However, the positive effect of Zr doping tends to be lost after longer 
exposure times especially at higher temperatures in thin specimens. In continuation to the 
attempts described in section 7.3 to stabilize the ZrO2 precipitates, the following chapters will 
discuss the effect of oxidizing atmosphere, changing oxidizing atmosphere and/or temperature on 
the oxide scale formation of the low Zr-doped FeCrAlY alloy.  
 
It has been demonstrated [31, 115-118] that oxidation in the presence of H2O may lead to a 
modification of the oxidation rate of high temperature alloys. Young et al. [77] reported that Zr-
containing FeCrAlY alloys show an extended, wavy morphology of the scale/alloy interface 
when oxidized in a low pO2, Ar-H2-H2O atmosphere. Besides, lower oxidation rates were found 
in case of specimens oxidized in low pO2 compared to air oxidized specimens [77]. Additionally, 
several indications were found in previous studies that addition of H2O in the oxidizing 
atmosphere tends to increase the transient oxidation stage (see e.g. [119, 120]). Due to this 
longer period of transient oxidation larger amounts of other alloy constituents (e.g. Fe, Cr) are 
expected to be present in the outer part of the alumina scale after longer oxidation times. This 
change in composition of the alumina scale is expected to alter the emissivity of the alumina 
scale.   
8.2 Effect of H2O containing low and high pO2 gases on scale formation 
 
Two different oxidizing gases were used to investigate the effect of changing oxidizing 
atmosphere on the oxidation behaviour of the low Zr-doped FeCrAlY alloy, i.e.   
 
 Synthetic air + 7%H2O 
 Ar-4%H2-2%H2O 
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Figure 8.1 shows the weight change data of thick specimens (1.2 mm) of the low Zr-doped 
model FeCrAlY alloy during 100 h isothermal oxidation at 1150 and 1200 °C in synthetic 
air+7%H2O and in Ar-4%H2-2%H2O. The results are compared with results obtained for 
exposures in dry synthetic air.  
        
Figure 8.1: Weight change data of “thick specimens” of low Zr doped FeCrAlY alloy (alloy 1 in 
table 5.1, batch JJG) during 100 h isothermal oxidation at a) 1150 °C, b) 1200 °C in different 
atmospheres 
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The data show that the oxidation rate at both temperatures in Ar-4%H2-2%H2O is lower than that 
in dry air. The specimen oxidized in synthetic air+7%H2O showed a similar oxidation rate like 
that oxidized in dry synthetic air in case of 1150 °C and a very slightly higher oxidation rate at 
1200 °C.  
 
The metallographic cross-sections (SEM images) of the specimens oxidized in synthetic 
air+7%H2O and Ar-4%H2-2%H2O are presented in figure 8.2.  
 
 
 
Figure 8.2: Metallographic cross-sections (SEM images) of alumina scales on “thick specimens” 
of low Zr doped FeCrAlY alloy (alloy 1, batch JJG) after 100 h isothermal oxidation at different 
temperatures in synthetic air+7%H2O (figures a, c) and in Ar-4%H2-2%H2O (figures b, d)  
 
In case of synthetic air + 7%H2O exposure porous oxide scales with Zr-rich precipitates were 
observed which are very similar to those found after dry air exposure (compare figure 5.24). 
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Specimens exposed in Ar-4%H2-2%H2O exhibited substantial thinner oxide scales at both test 
temperatures which is in good agreement with the gravimetric data in Figure 8.1.  
 
Additionally, the scale/alloy interface for the specimens oxidized in Ar-4%H2-2%H2O tended to 
exhibit a more pronounced wavy morphology than that after dry or wet air oxidation (compare 
figure 5.31). It is interesting to note that in case of Ar-4%H2-2%H2O exposure a small reactive 
element free zone was observed in the outer part of the oxide scale especially after oxidation at 
1200 °C.  
 
In order to get more detailed insight into the oxide scale formation mechanisms in the low-pO2 
gas, the thick specimen oxidized for 100 h at 1150 °C in Ar-4%H2-2%H2O was analysed by 
TEM (figure 8.3). The alumina scale exhibits substantial amounts of Zr rich precipitates and the 
oxide/alloy interface is wavy. In addition, pores were present mainly in the outer oxide scale. 
However, the amount of pores is smaller than that in case of (wet-) air oxidized specimens. 
Figure 8.4 shows EDX maps of the elements O, Al, Cr, Fe and Zr, indicating an enrichment of 
Fe and especially Cr in the outer oxide scale.  
 
 
 
Figure 8.3: TEM cross section of oxide scale on thick specimen of low Zr-doped FeCrAlY alloy 
after 100 h oxidation in Ar-4%H2-2%H2O at 1150 °C 
 
Zr rich 
precipitates 
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Figure 8.4: EDX elemental mapping in TEM cross section of thick specimen of low Zr doped 
FeCrAlY alloy after 100 h oxidation in Ar-4%H2-2%H2O at 1150 °C 
 
The time dependence of the oxidation rates of the specimens during the exposure can be seen 
from the apparent kp values at 1150 °C and 1200 °C shown in figure 8.5. The kp values are 
calculated from the weight change data in figure 8.1 and derived by differentiation of Δm2(t)-
plots. Virtually constant oxidation rates are obtained at 1150 °C. In case of the 1200 °C exposure 
a slightly increasing kp prevailed after initially decreasing values.  
 
Figure 8.6 shows macro images of the low Zr-doped FeCrAlY alloy after 100 h oxidation at 
1150°C in different atmospheres. As expected on the basis of the morphology of the alloy/oxide 
interface, a darker oxide scale was found for the specimen exposed in the low pO2 atmosphere 
(Ar-4%H2-2%H2O) than after synthetic air exposure (with or without H2O addition). 
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Figure 8.5: Measured apparent kp values of “thick specimens” of low Zr doped FeCrAlY alloy 
(alloy 1 in table 5.1) during 100 h isothermal oxidation at a) 1150 °C and b) 1200 °C in different 
atmospheres. Data were derived from TG results in figure 8.1 
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Figure 8.6: Macro images of thick specimens of low Zr doped FeCrAlY alloy (alloy 1 in table 
5.1, batch JJG) oxidized at 1150°C in (a) syn.air, (b) Ar-4%H2-2%H2O, (c) syn.air+7%H2O 
 
The surface morphology (figure 8.7) of the thick specimens oxidized for 100 h at 1050 °C in 
synthetic air and Ar-4%H2-2%H2O revealed a clear difference in the oxide surface morphology 
between the two atmospheres. In case of the specimen oxidized in synthetic air (figure 8.7 a and 
b) a more or less a smooth surface prevailed whereas alumina ridges growing on the surface can 
be seen in the specimen oxidized in Ar-4%H2-2%H2O (figure 8.7 c and d). A similar trend was 
reported in reference [12] for Zr-doped FeCrAlY alloy after 100 h oxidation at 1300 °C in an 
atmosphere with low oxygen partial pressure. 
 
 
 
Figure 8.7: Surface morphology (SEM images) of alumina scales of “thick specimens” of low Zr 
doped FeCrAlY alloy (alloy 1, batch JJG) after 100 h isothermal oxidation at 1050 °C in 
synthetic air (dry) (figures a and b) and the Ar-4%H2-2%H2O (figures c and d)  
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Figure 8.7: continued. 
 
Increasing the oxidation temperature to 1150 °C resulted in a more pronounced morphology with 
alumina ridges in case of Ar-4%H2-2%H2O oxidized specimen (figure 8.8 c and d) and a smooth 
surface for the synthetic air (figure 8.8 a and b) oxidized specimen.  
 
Kolb-Telieps et al. [121] showed the α-alumina scale on an FeCrAlY alloy in the temperature 
range 1200–1300 °C to grow more slowly in Ar–H2–H2O mixtures than in Ar–O2 or air. 
Kochubey et al. [12] found a pO2 dependence of the sub-parabolic oxidation rates assuming 
oxygen grain boundary diffusion to be the dominating scale growth process whereby the oxide 
grain size increased in scale growth direction. Also in a low-pO2 exhaust gas and in H2/H2O-
based shield gases, the growth rate of α-alumina on an Y-doped FeCrAl alloy was found to be 
smaller than that in air [122].  
 
Young et al. [77] showed the α-alumina scale on a Zr doped FeCrAlY alloy in the temperature 
range 1250–1300 °C in Ar-H2-H2O atmosphere to grow by inward short-circuit transport, in a 
similar manner as in Ar-O2. The oxidation rate of a Zr doped alloy was slower in Ar-H2-H2O 
than in Ar-O2. However, the scale thickness was so variable at this temperature that local 
oxidation rates were in some places even faster in the H2/H2O gas than in Ar-O2. It was 
explained that the reduction in driving force, ΔµO, accounts for part of the difference in oxidation 
rate in the low- and high-pO2 gas. Moreover, it was proposed that a reduced mobility of oxygen 
in alumina grain boundaries prevails when hydrogen is present.  
 
 
c) d) 
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Figure 8.8: Surface morphology (SEM images) of alumina scales of “thick specimens” of low Zr 
doped FeCrAlY alloy (alloy 1, batch JJG) after 100 h isothermal oxidation at 1150 °C in 
synthetic air (dry) (figures a and b) and in Ar-4%H2-2%H2O (figures c and d)  
 
A different scale microstructure and more rugged scale/alloy interface developed in the H2-H2O 
reaction than that formed in O2, increasingly so at higher temperatures [77]. The same trend was 
observed in the present studies (see figure 8.2). The increased irregularity of the scale growth 
front was accompanied by internal alumina precipitation and occlusion of large alloy particles 
into the scale. It was stated that a more irregular distribution of elongated ZrO2 particles in the 
scale may have led to greater variation in the local value of Deff in this case, thereby accounting 
for the development of a more rugged reaction front. 
 
It was also pointed out in reference [77] that the reaction for the first 20 to 40 hours at 1200 – 
1300 °C is faster in Ar-H2-H2O than in Ar-O2. The local oxide intrusions developed during 
Al2O3 
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reaction with Ar-H2-H2O penetrated deeper into the alloy than the scale formed in Ar-O2. Thus, 
ZrO2 particles were more widely distributed in the alumina scale grown in Ar-H2/H2O, simply 
because the alumina grew further into the alloy during the time that zirconium was diffusing to 
the surface [77]. Similar findings were made in the present investigations. This can e.g. be seen 
when comparing the result in figure 8.2 (b and d) with those in figures 5.31 (a and e). 
 
For internal precipitation of alumina particles to occur, dissolution and diffusion of oxygen into 
the alloy is required. Evidently, internal oxidation takes place only when zirconium is present in 
the alloy, and to a greater extent during reaction with Ar-H2-H2O than when O2 is the oxidant. 
The required enhancement in alloy dissolution of oxygen might result from more rapid transport 
of oxygen through the scale. The aligned ZrO2 precipitates within the scale could facilitate this, 
as might inward diffusion of a hydrogen-bearing species in case of the Ar-H2-H2O atmosphere 
[66, 77]. 
 
8.3 Effect of specimen thickness on the oxidation behaviour in low pO2 atmosphere 
 
In order to investigate the variation in oxidation behaviour as a function of specimen thickness in 
low pO2 gas, additional experiments with thin specimens (0.2 mm) were carried out at 1150 and 
1200 °C for 100 h in Ar-4%H2-2%H2O. Thin specimen exposures in wet air were not carried out 
because the oxidation rates in this gas were found to be very similar as those in dry gas (section 
8.2).  
 
The metallographic cross sections of the specimens are presented in figure 8.9. They show the 
morphologies developed at 1150 and 1200 °C. At 1150 °C, a thin wavy interface prevailed with 
Zr rich inclusions in the oxide scale. At 1200 °C zirconium oxides were only present in the outer 
part of the alumina scale and a flat oxide scale/alloy interface was found after 100 h oxidation. 
Moreover, a clear precipitate-free zone was found in the scale formed at 1200 °C. 
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Figure 8.9: Metallographic cross-sections (SEM images) of alumina scale on “thin specimens” of 
low Zr doped FeCrAlY alloy (alloy 1, batch JJG) after 100 h isothermal oxidation in Ar-4%H2-
2%H2O at a) 1150 and b) 1200 °C   
 
 
The oxide scale thickness and measured apparent kp values of the thin specimens during 
oxidation at 1150 °C and 1200 °C are shown in figure 8.10. The oxide scale thicknesses are 
calculated from the weight change data assuming formation of a pure α-Al2O3 scale (i.e. a weight 
change of 1 mg.cm
-2
 corresponds to a scale thickness of 5.3 µm [62]). The kp-value at 1150 °C 
showed to be virtually time independent whereas a decrease in the kp value occurred at 1200 °C 
after an initial high value up to approximately 20 h. After approximately 50 h the kp-value at 
1200 °C is similar to that of the specimen exposed at 1150 °C. The point at which the kp value 
starts to decrease corresponds to an oxide scale thickness of approximately 3 µm.  
 
Comparison with Figure 8.10 b reveals that the decrease of the apparent kp after approximately 
20 h corresponds to the time at which a precipitate free zone starts to form in the inner oxide 
scale.  
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Figure 8.10: a) Oxide scale thickness and b) measured apparent kp values of “thin specimens” of 
low Zr doped FeCrAlY alloy (alloy 1, batch JJG) during 100 h isothermal oxidation at different 
temperatures in Ar-4%H2-2%H2O; Oxide scale thicknesses were calculated from the weight 
change data in figure 8.1 assuming formation of a pure α-Al2O3 scale (i.e. a weight change of 1 
mg.cm
-2
 corresponds to a scale thickness of 5.3 µm) [62]. 
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8.4 Effect of oxidation atmosphere on the surface morphology on thin specimens 
 
The SEM images of the oxide surfaces (figure 8.11) show the oxide surface morphology formed 
on thin specimens at 1150 °C. Both specimens showed a similar behaviour like that of the thick 
specimens oxidized at 1150 °C (compare figure 8.8). The thin specimen oxidized in Ar-4%H2-
2%H2O showed ridges on the oxide surface whereas the synthetic air oxidized specimen showed 
a quite smooth (ridge free) surface at this temperature. This clearly shows that the oxide scale 
formation mechanism in the low pO2 atmosphere differs from that during air exposure. 
 
 
 
Figure 8.11: Surface morphology (SEM images) of alumina scales on “thin specimens” of low Zr 
doped FeCrAlY alloy (alloy 1, batch JJG) after 100 h isothermal oxidation at 1150 °C in 
synthetic air (figures a and b) and in Ar-H2-H2O (figures c and d) 
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8.5 Scale growth mechanisms 
 
To get more insight into the differences of the oxide scale formation mechanisms for samples 
oxidized in air and in the low pO2 atmosphere, a number of two-stage oxidation tests using 
18
O 
tracer were performed and subsequently analyzed by SNMS. Because of limitations of the 
available experimental facility, 1100 °C was used as oxidation temperature. Figure 8.12 a shows 
the SNMS depth profiles for the oxygen isotopes in the scales of the Zr-doped FeCrAlY alloy 
after two-stage oxidation for 4 h in Ar-20%
16
O2 and subsequently 16 h in Ar-20%
18
O2. Figure 
8.12 b shows quantified SNMS profiles of the other elements in the oxide scale of the same 
specimen.  
 
Figure 8.13 shows the corresponding profiles after 4 h in Ar-4%H2-2%H2O
16
 and subsequently 
16 h in Ar-4%H2-2%H2O
18
. In figure 8.12 a the profiles show an enrichment of O
18
 at the outer 
scale/gas interface whereas in the middle of the scale a drop in the concentration was observed 
followed by an increase near the scale/alloy interface. The major part of 
18
O enrichment was 
obtained at the scale/metal interface. These results indicate that the predominant oxide growth 
mechanism is short-circuit oxygen diffusion, apparently via oxide grain boundaries similar to the 
observations described in literature for FeCrAl ODS alloys [40].  
 
The results are in agreement with the studies of Naumenko et al.[83] in which similar 
18
O 
distributions for a Zr-doped FeCrAl alloy at 1200 °C were found. The authors suggested that the 
minor 
18
O enrichment near the scale/gas interface is probably due to isotope exchange, an effect 
more pronounced in the outer part of the scale with a high grain boundary density, or due to a 
minor outward reactive element transport through the scale [21, 40, 83]. 
 
In case of two-stage exposure in Ar-H2
16
O/H2
18
O (figure 8.13 a) a similar 
18
O enrichment was 
observed at the scale/gas interface. Similar observations were made for a specimen after two-
stage oxidation for 4h/20h (figure 8.14 a). The 
18
O enrichment was smaller than the 
concentration observed after two-stage exposure in Ar-20%O2 exposure. An increase of the 
18
O 
concentration occurs near the scale/alloy interface. 
 
An important difference between the two specimens (figure 8.12 b and 8.13 b) is the 
concentration of Fe and Cr in the outer part of the oxide scale. For the specimen oxidized in Ar-
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4%H2-2%H2O a relatively high concentration of approximately 3 at.% of the mentioned 
elements were found whereas after oxidation in Ar-20%O2 lower values of approximately 1 at.% 
were detected.  
 
 
Figure 8.12: SNMS depth profiles of low Zr doped FeCrAlY alloy (alloy 1 in table 5.1, batch 
JJG) after 4 h in Ar-20%
16
O2 and then 16 h in Ar-20%
18
O2 (totally 20 h) isothermal oxidation at 
1100 °C a) linear concentration axis b) logarithmic plot of Fe, Cr and reactive element 
concentration in the oxide scale 
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Figure 8.13: SNMS depth profiles of low Zr doped FeCrAlY alloy (alloy 1 in table 5.1, batch 
JJG) after 4 h in Ar-4%H2-2%H2O
16
 and then 16 h in Ar-4%H2-2%H2
18
O (totally 20 h) 
isothermal oxidation at 1100 °C a) linear concentration axis b) logarithmic plot of Fe, Cr and 
reactive element concentration in the oxide 
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Figure 8.14: SNMS depth profiles of low Zr doped FeCrAlY alloy (alloy 1 in table 5.1, batch 
JJG) after 4 h in Ar-4%H2-2%H2O
16
 and then 20 h in Ar-4%H2-2%H2
18
O (totally 24 h) 
isothermal oxidation at 1100 °C a) linear concentration axis b) logarithmic plot of Fe, Cr and 
reactive element concentration in the oxide scale 
 
 
Young et al. [66] reported that the oxide scale developed on FeCrAlY in Ar–H2–H2O grew by 
inward oxygen diffusion. The relative lack of isotope exchange observed in the outer part of the  
a) 
b) 
4 h Ar-4%H2-2%H2O
16
 / 20 h Ar-4%H2-2%H2O
18
 
 
0
10
20
30
40
50
60
70
80
90
100
0 5000 10000 15000 20000 25000 30000
Time [s]
C
o
n
c
e
n
tr
a
ti
o
n
 [
A
t.
 -
 %
]
 
Fe
Cr
Al
O total
16
O
18
O
0.001
0.01
0.1
1
10
100
0 5000 10000 15000 20000 25000 30000
Time [s]
C
o
n
c
e
n
tr
a
ti
o
n
 (
A
t.
 -
 %
)
Ti
Zr
Y
Al
O
Fe
Cr
  154 
scale shows that oxygen did not diffuse via the lattice, but instead penetrated the oxide via 
‘‘short circuit’’ paths, most likely grain boundaries. It was also evident from their studies that in 
the isotope profiles somewhat more exchange took place when the gas was Ar-H2-H2O compared 
to Ar-O2. As the grain size distributions, and therefore grain surface areas, in the two scales 
formed during exposure in Ar-H2-H2O and Ar-O2 were almost identical, it was concluded that 
the difference resulted from the presence of hydrogen [66].  
 
In the present study similar experiments were performed for short term two-stage oxidation as 
shown in figures 8.15 and 8.16 for 1 h in Ar-20%
16
O2 then 4 h in Ar-20%
18
O2 and 4 h in Ar-
4%H2-2%H2O
16
/16 h in Ar-4%H2-2%H2O
18
 respectively. A similar trend in isotope distributions 
was observed as after 4 h/16 h exposure.  
 
It can be seen from figures 8.12 and 8.13 that in both atmospheres an enrichment for Y and Ti in 
the scale was observed in a similar manner as enrichment of Zr near the scale/alloy interface. 
Thereby it is apparent that the Zr enrichment is far more extensive than that of Y and Ti. 
 
It was proposed in [77] that, an interaction between solute zirconium and oxygen in the alloy 
leads to enhanced diffusion of the zirconium within the internal precipitation zone. The 
additional effect of water vapor may be attributable to accelerated oxygen diffusion. It also 
seems likely that dissolution of hydrogen into the alloy, which is known to occur in ferritic Fe-Cr 
alloys [123], can alter the solution thermodynamics of the subsurface alloy region. In this way 
the presence of H2/H2O promotes the internal oxidation, which was for Fe-Cr alloys attributed to 
enhanced oxygen solubility or diffusivity as a result of hydrogen dissolution in the alloy matrix 
[77].  
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Figure 8.15: SNMS depth profiles of low Zr doped FeCrAlY alloy (alloy 1 in table 5.1, batch 
JJG) after 1 h in Ar-20%
16
O2 and then 4 h in Ar-20%
18
O2 (totally 5 h) isothermal oxidation at 
1100 °C a) linear concentration axis b) logarithmic plot of Fe, Cr and reactive element 
concentration in the oxide scale 
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Figure 8.16: SNMS depth profiles of low Zr doped FeCrAlY alloy (alloy 1 in table 5.1, batch 
JJG) after 1 h in Ar-20%
16
O2 and then 4 h in Ar-20%
18
O2 (totally 5 h) isothermal oxidation at 
1100 °C a) linear concentration axis b) logarithmic plot of Fe, Cr and reactive element 
concentration in the oxide scale 
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9 Two-stage exposures in low and high-pO2 gas 
 
The results presented in chapter 8 reveal that a suitable pre-treatment in a H2-H2O containing 
atmosphere affects the internal oxidation of Zr and therefore the incorporation of Zr-rich oxide 
precipitates in the alumina scale. The H2-H2O treatment also tends to increase the amount of Fe- 
and especially Cr- in the transient stage of oxidation. The latter effect offers the possibility to 
obtain Fe- and/or Cr-rich oxide in the outer part of the alumina scale during subsequent air 
oxidation (Figure 9.1) which might result in a longer-lasting dark appearance of the surface 
oxide scale and thus in a high emissivity.  
 
Therefore, a number of specimens were oxidized in a combined oxidation test which consisted of 
a pre-treatment in Ar-4%H2-2%H2O and a subsequent change to laboratory air up to the final 
exposure time of 100 or 200 h. For an alloy system in practical application this would simulate a 
pre-oxidation in a low-pO2 gas and the subsequent actual use of the material in air.  
    
Figure 9.1: Illustration of oxide scale morphology during pre-oxidation in low pO2 gas followed 
by subsequent air oxidation  
 
The results in this chapter are presented in two parts, i.e. 
 
(i) Short term pre-oxidation exposures 
(ii) Long term pre-oxidation exposures 
 
9.1 Short term pre-oxidation exposures 
 
In the short term pre-oxidation exposure the thick and thin specimens were pre-oxidized in Ar-
4%H2-2%H2O for 1 h and 7 h respectively followed by air oxidation up to the final exposure 
time of 100 h. Experiments were performed at 1050 and 1200 °C. The weight change results are 
Pre-oxidation 
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presented in figure 9.2 for both temperatures and compared with air oxidized (without pre-
oxidation) specimens of the same thickness. In general, both the thick and thin specimens 
showed slightly lower weight gains after the two-stage oxidation process than during only-air 
exposure. At 1050 °C no clear difference was observed in the weight change with increasing pre-
oxidation time. However, at 1200 °C both the thick and thin specimens showed a reduction in 
total weight gain with increasing pre-oxidation in H2-H2O containing gas. 
 
Figure 9.2: Weight change data of low Zr doped FeCrAlY alloy (alloy 1, batch JJG) after 
isothermal oxidation at different temperatures in Ar-4%H2-2%H2O and subsequently in synthetic 
air. Plotted data include weight change during pre-oxidation. Pre-oxidation times in Ar-4%H2-
2%H2O are given in the graphs; the total exposure times in each test was 100 h 
 
The TG data and the measured apparent kp values of the oxidized specimens during the two-
stage oxidation at 1050 and 1200 °C are shown in figures 9.3 and 9.4 respectively. The kp values 
were derived by stepwise differentiation of Δm2(t)-plots. The results are compared with the 
oxidation rates of air oxidized specimens (without pre-oxidation). The graphs show the change in 
kp values after the pre-oxidation time. At 1050 °C an approximately constant kp value was 
observed for thick and thin specimens. However, at 1200 °C the thin specimens showed a 
decreasing kp-value with increasing oxidation time. It indicates that Zr depletion starts at this 
higher temperature in the thin specimens.  
 
 
0
0.5
1
1.5
2
2.5
3
No pre-
exposure
1 h Pre-
exposure
7 h Pre-
exposure
No pre-
exposure
1 h Pre-
exposure
7 h Pre-
exposure
W
e
ig
h
t 
g
a
in
 [
m
g
/c
m
2
]
thick specimens (1.2 mm)
thin specimens (0.2 mm)
1050 °C 
1200 °C 
  159 
 
 
Figure 9.3: Weight change data of thick and thin specimens of low Zr doped FeCrAlY alloy 
(alloy 1 in table 5.1, batch JJG) during two-stage isothermal oxidation (Ar-4%H2-
2%H2O/synthetic air) at a) 1050 °C, b) 1200 °C , Pre-oxidation times in Ar-4%H2-2%H2O are 
given in the graphs; the total exposure times in each test were 100 h 
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Figure 9.4: Measured apparent kp values of low Zr doped FeCrAlY alloy (thick and thin 
specimens) (alloy 1, batch JJG) during two-stage isothermal oxidation (Ar-4%H2-
2%H2O/synthetic air) at a) 1050 °C, b) 1200 °C , Pre-oxidation times in Ar-4%H2-2%H2O are 
given in the graphs; the total exposure times in each test were 100 h 
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An important observation is that at 1050 °C the pre-oxidation has a profound effect on the 
subsequent oxidation kinetics during air exposure. Independent of specimen thickness, the 
instantaneous kp-value at a given oxide thickness is always lower for the pre-oxidized specimens 
than for the specimens solely oxidized in air. This effect is far less pronounced for the 1200 °C 
exposure, although for the thick specimen which was pre-oxidized for 7 hours, a similar effect 
prevails (Figures 9.3 and 9.4). 
 
Apparently, the differences in the microstructure of the scale formed in low-pO2-gas (see e.g. the 
ridge formation in figure 8.8 c and d) affects the overall oxidation kinetics during the subsequent 
air oxidation. This indicates that a pre-oxidation treatment in a low pO2-gas might especially at 
temperature around 1050 °C be a promising tool for obtaining life time extension of thin walled 
FeCrAlY components. The macro images of the specimens after two-stage oxidation (figure 9.5) 
show a similar oxide scale appearance like that of the specimen oxidized without pre-oxidation 
for both pre-oxidation times.  
 
 
Figure 9.5: Macro images of thick and thin specimens of low Zr doped FeCrAlY alloy (alloy 1, 
batch JJG) after two-stage isothermal oxidation (pre-exposure in Ar-4%H2-2%H2O followed by 
synthetic air oxidation; total oxidation time 100 h); a) 1h pre-exposure in Ar-4%H2-2%H2O 
(1050 °C), b) 7h pre-exposure in Ar-4%H2-2%H2O (1050 °C), c) 1h pre-exposure in Ar-4%H2-
2%H2O (1200 °C) 
c) 
thin thick 
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It appears that the short term pre-oxidation (1 and 7 h in Ar-4%H2-2%H2O) did not significantly 
influence the oxide scale appearance. Therefore, a number of additional exposures were planned 
for long term two-stage exposures. 
9.2 Long term pre-oxidation exposures at 1050 °C 
 
For getting a clearer insight into the potential suitability for obtaining high-emissivity oxide 
scales by pre-oxidation in Ar-H2-H2O, the pre-exposure times in this gas were extended to 100 h. 
Experiments were carried out at 1050 and 1200 °C whereby the total exposure time was 200 h. 
 
Figure 9.6 shows the weight changes after totally 200 h two-stage oxidation at 1050 °C. The 
obtained results are compared with those of specimens which were continuously oxidized in Ar-
4%H2-2%H2O or in air for 200 h. The weight change data show a slight increase in the weight 
gain in case of the two-stage compared to the single-stage oxidation in Ar-H2-H2O. However, 
both the single-stage oxidation in Ar-4%H2-2%H2O as well as the two-stage oxidation results in 
lower weight gains than oxidation in air for 200 h. 
   
Figure 9.6: Weight change data of thick specimens of low Zr doped FeCrAlY alloy (alloy 1, 
batch JJG) after 200 h isothermal single- and two-stage oxidation at 1050 °C. Weight changes of 
pre-oxidation are included in the results. 
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Figure 9.7 shows metallographic cross sections (SEM) of the Zr-containing FeCrAlY alloy 
exposed at 1050°C for 200 h after two-stage and single-stage oxidation in Ar-4%H2-2%H2O. No 
clear difference in the oxide scale morphology was found between the two specimens. Both 
oxide scales contain precipitates rich in Y and Zr. However, the macroscopic appearance 
revealed for the specimen oxidized in the two-stage process a brownish coloured alumina scale 
(Figure 9.8 a) which was not observed in case of single-stage oxidized specimen (figure 9.8 b). 
 
 
Figure 9.7: Metallographic cross-sections (SEM images) of alumina scales on thick specimens of 
low Zr doped FeCrAlY alloy (alloy 1, batch JJG) after 200 h oxidation at 1050 °C (a) 100 h Ar-
4%H2-2%H2O/100 h synthetic air, (b) 200 h Ar-4%H2-2%H2O  
 
 
 
Figure 9.8: Macro images of thick specimens of low Zr doped FeCrAlY alloy (alloy 1, batch 
JJG) after 200 h oxidation at 1050 °C (a) 100 h Ar-4%H2-2%H2O/100 h synthetic air, (b) 200 h 
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This effect can be explained by the extended transient oxidation in the presence of water vapour 
containing atmosphere (see section 8.1). Due to this longer period of transient oxidation Fe (and 
Cr) is incorporated in the outer scale during the pre-treatment (100 h, in this case) in the H2-H2O 
containing atmosphere. It further becomes oxidized during the subsequent air exposure resulting 
in a dark, brownish appearance of the oxide scale. This oxide scale appearance was not observed 
after single-stage oxidation in air (figure 5.16 b) or single-stage oxidation in Ar-4%H2-2%H2O 
(figure 9.8 b).  
 
The SEM images (figure 9.9) demonstrate a slight difference in the morphology of the oxide 
surfaces formed during single- and two-stage exposures. Typical alumina ridges growing along 
grain boundaries with distinct network of ridges were observed for both the exposures and no 
clear difference was observed between them. 
 
Important to note that the ridge formation, which was shown to occur during the low-pO2 
exposure, is hardly affected by the subsequent 100 h exposure in synthetic air. The formation of 
ridges is clearly as indication of limited outward scale growth, likely along oxide grain 
boundaries. With the prevailing experimental methods it could not unequivocally be derived 
whether this limited outward growth relates to Al cations or whether it is (partly) related to e.g. 
Fe, Cr and/or RE cations. 
 
As no ridge formation was found after single-stage air exposure (Figure 8.7 a and b) the results 
in figure 9.9 indicate, that during the second stage of the two-stage oxidation process, the oxide 
scale grows in the alloy exclusively by inward oxygen diffusion. 
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Figure 9.9: Surface morphology (SEM images) of alumina scales on thick specimens of low Zr 
doped FeCrAlY alloy (alloy 1, batch JJG) after 200 h oxidation at 1050 °C for (a) 200 h in Ar-
4%H2-2%H2O, (b) 100 h in Ar-4%H2-2%H2O/100 h in synthetic air 
 
The GDOES depth profiles of the specimens after two-stage and single-stage oxidation are 
shown in figure 9.10. A difference in the Fe and Cr enrichment at the outer oxide scale can be 
seen. For the specimen oxidized in two stages (Ar-4%H2-2%H2O/synthetic air)  a relatively high 
concentration of Fe was found whereas after single-stage oxidation in Ar-4%H2-2%H2O a 
slightly lower Fe enrichment was detected. In both heat treatments, low concentrations of Y and 
Ti were observed in the scale whereas a substantial Zr enrichment was obtained in the inner part 
of the scale especially after the two-stage oxidation. 
 
The profiles of Fe and Cr show a shape, which is not commonly seen after single-stage 
exposures. In the latter case Fe is commonly present in the outer scale. Cr is frequently found 
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exhibiting a “kink” [124] just beneath the maximum in Fe concentration. These relative maxima 
of Fe and Cr are commonly attributed to the early, transient stages of oxidation. 
 
In figure 9.10 the chromium concentration profile shows an unusual broad relative maximum 
near the middle of the scale. The Fe profile shows two relative maxima: one at the outer surface, 
and one beneath the relative Cr maximum. Although the detailed reasons for this element 
distribution are presently not known, they are likely related to a change in the locally prevailing 
oxygen activities after the switch from low- to high-pO2 gas.  
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Figure 9.10: Quantified depth profiles of thick specimens of low Zr doped FeCrAlY alloy (alloy 
1 in table 5.1, batch JJG) after 200 h oxidation at 1050 °C (a) SNMS profiles of specimen 
oxidized for 100 h in Ar-4%H2-2%H2O/100 h in synthetic air, (b) GDOES profiles of specimen 
oxidized for 200 h in Ar-4%H2-2%H2O 
 
The effect of the oxidation atmosphere at 1050 °C on the emissivity of the Zr doped FeCrAlY 
alloy is presented in figure 9.11. The emissivity was measured for thick (1 mm) specimens after 
different oxidation treatments and the values are compared with those of a standard Zr-free 
FeCrAlY model alloy after air oxidation (compare section 7.2.3). For this standard alloy the 
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emissivity value measured at 900°C was set as 1 and the other emissivity data were correlated 
with the mentioned standard. It was found that all three specimens of the Zr containing FeCrAlY 
model alloy after different types of oxidation show a higher emissivity than the standard Zr-free 
FeCrAlY alloy. The highest values for the emissivity were found for the specimen after pre-
exposure in the Ar-H2-H2O containing atmosphere and the subsequent air oxidation. This is most 
probably related to the doping effect of the outer part of the alumina scale with Fe(-oxide) 
leading to a brownish scale, as illustrated in figure 9.8.  
 
        
Figure 9.11: Measured emissivity values of low Zr doped FeCrAlY alloy after different oxidation 
treatments compared with value of Zr-free alloy after oxidation for 100 h at 1050 °C in air 
 
9.3 Long term pre-oxidation exposures at 1200 °C 
 
Figure 9.12 shows weight changes for the Zr doped FeCrAlY alloy (thick specimen) after two-
stage exposure at 1200 °C compared with that after air oxidation. The specimen exposed to two-
stage oxidation shows a weight change which is similar to that after 200 h low-pO2 exposure and 
smaller than that after single-stage air oxidation. Although the metallographic cross sections 
(figure 9.13) reveal a wavy interface for both specimens, the degree of waviness is more 
pronounced after continuous exposure in Ar-4%H2-2%H2O exposure than after the two-stage 
0.9
1
1.1
1.2
1.3
1.4
850 900 950 1000 1050 1100 1150 1200 1250
Temperature [°C]
E
m
is
s
iv
it
y
 (
A
.u
.)
100 h, Ar-4%H2-2%H2O 
100 h, Air, Zr-free FeCrAlY
100 h, Air 
100 h, Ar-4%H2-2%H2O  + 100 h, Air
  169 
exposure. This difference might, however, be partly related to local inhomogeneity in reactive 
element distribution in the alloy. 
 
Figure 9.12: Weight change data of low Zr doped FeCrAlY alloy (alloy 1 in table 5.1, batch JJG) 
after 200 h isothermal single and two-stage oxidation at 1200 °C 
 
 
 
Figure 9.13: Metallographic cross-sections (SEM images) of alumina scales on thick specimens 
of low Zr doped FeCrAlY alloy (alloy 1 in table 5.1, batch JJG) after 200 h oxidation at 1200 °C 
(a) 100 h Ar-4%H2-2%H2O/100 h synthetic air, (b) 200 h Ar-4%H2-2%H2O  
 
The corresponding macro images (figure 9.14) reveal that the oxide scales exhibited a very dark 
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in the oxide scale appearance was obtained compared to the single-stage Ar-4%H2-H2O exposure 
after 1050 °C (figure 9.8 b). The brownish oxide scale observed at 1050 °C was not obtained in 
case of the two-stage exposure at 1200 °C and the oxide scale was less dark than that after the 
single-stage Ar-4%H2-H2O oxidation (figure 9.14 a). However, it was substantially darker than 
the single-stage air oxidized specimen (figure 9.14 c).  
 
       
 
Figure 9.14: Macro images of low Zr doped FeCrAlY alloy (alloy 1 in table 5.1, batch JJG) after 
200 h oxidation in different atmospheres at 1200°C; (a) 100 h in Ar-4%H2-2%H2O/100 h 
synthetic air, (b) 200 h in Ar-4%H2-2%H2O, (c) 200 h in Air 
 
The GDOES depth profiles of the specimens after two-stage and single-stage oxidation are 
shown in figure 9.15. The results confirm the lower concentration of Fe in the outer oxide scale 
compared to that of the specimen oxidized at 1050 °C (figure 9.10). The difference in the Fe 
enrichment could be the reason for the observed lighter oxide scale appearance after oxidation at 
1200 °C.    
 
On the other hand, after single-stage oxidation at 1200 °C in Ar-4%H2-H2O a more pronounced 
wavy oxide/alloy interface prevailed (figure 9.13 b). This is the likely explanation for the very 
dark oxide scale appearance (figure 9.14 b). In both the atmospheres, low concentrations of Y 
and Ti were observed in the scale whereas a substantial Zr enrichment occured. 
 
a) b) c) 
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Figure 9.15: Quantified GDOES depth profiles of thick specimens of low Zr doped FeCrAlY 
alloy (alloy 1 in table 5.1, batch JJG) after 200 h oxidation at 1200 °C (a) 100 h in Ar-4%H2-
2%H2O/100 h in synthetic air, (b) 200 h in Ar-4%H2-2%H2O. Results in figure a) are affected by 
an instability in the GDOES analysis after a sputter time of approximately 200 s. 
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9.4 Effect of increasing concentration of water vapour in Ar-H2-H2O 
 
As the experiments with pre-exposure in Ar-H2-H2O revealed the potential suitability for 
increasing the oxide scale emissivity, likely due to enhanced incorporation of Fe (and Cr) in the 
outer oxide scale, a number of experiments with a higher water vapour content was carried out to 
estimate, whether even higher emissivity values could be obtained by this approach. The 
experiments were performed at 1050 °C for 200 h with 20%H2O instead of 2%H2O in Ar-4%H2. 
The weight changes after oxidation were compared with the 2%H2O results and showed a lower 
weight gain after the exposure in 20%H2O. However, the observed macro images revealed no 
significant change in the oxide scale appearance. Hence, an increase in H2O content in the Ar-
4%H2 base atmosphere did not lead to an increase of oxide scale darkness/emissivity. 
 
The surface morphology (SEM images) of the corresponding specimens are shown in figure 
9.16. Typical alumina ridges growing along grain boundaries were observed in both the 
specimens. In case of the two-stage oxidation (figure 9.16 a) a distinct network of ridges was 
observed and the extent of ridge formation was larger than that after single-stage oxidation in Ar-
4%H2-20%H2O.  
 
The results from figures 9.6 – 9.16 indicate that the combined exposure has a very positive effect 
in attaining the dark/brownish  alumina scale at lower temperature (1050 °C) whereas at higher 
temperature (1200 °C) the brownish oxide scale did not appear. However, the single-stage 
oxidation in Ar-4%H2-2%H2O at 1200 °C resulted in formation of a very dark oxide scale 
compared to the same exposure at 1050 °C. The increase in H2O content (20% H2O) did not 
show a clear indication for promoting formation of a darker alumina scale. 
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Figure 9.16: Surface morphology (SEM images) of alumina scales of thick specimens of low Zr 
doped FeCrAlY alloy (alloy 1 in table 5.1, batch JJG) after 200 h oxidation at 1050 °C for (a) 
100 h in Ar-4%H2-20%H2O/100 h in synthetic air, (b) 200 h in Ar-4%H2-20%H2O 
 
 
 
 
 
 
 
 
 
 
 
 
b. Ar - 4%H2 - 20%H2O 
a. Ar - 4%H2 - 20%H2O + syn. air 
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10 Pre-oxidation at higher temperatures (1200 °C) 
 
10.1 General remarks 
 
The results in section 6.4 revealed that the change in oxide scale morphology imparted by the Zr-
addition is more pronounced during oxidation at 1200 °C than at a typical application 
temperature of e.g. 1050 °C. Therefore, a number of experiments were performed by a short time 
pre-oxidation at 1200 °C followed by a 1050 °C exposure for a total oxidation time of 100 h. The 
RE-rich oxide precipitates formed at 1200 °C in the oxide scale and the surface-near alloy 
regions, might act as a template for the oxides formed during the subsequent exposure at 1050 °C 
thus leading to the desired oxide scale morphology, providing a high emissivity at the actual 
application temperature. 
 
10.2 Effect of 1200 °C pre-oxidation on oxidation kinetics at 1050 °C 
 
The following two-stage oxidation experiments with in-situ temperature change were carried out: 
 
 15 min. at 1200 °C followed by oxidation at 1050 °C up to the final exposure time  
 1 hour at 1200 °C followed by oxidation at 1050 °C up to the final exposure time  
 10 hours at 1200 °C followed by oxidation at 1050 °C up to the final exposure time  
 50 hours at 1200 °C followed by oxidation at 1050 °C up to the final exposure time  
 
The oxidation tests were carried out for thick and thin specimens for totally 100 h and the 
thermogravimetric data are presented in figure 10.1. The results are compared with single-stage 
oxidation data. The short term pre-oxidation (15 min.) shows no big difference in the oxidation 
rate compared to the single-stage oxidation results. However, as expected, the data shows that 
with increasing pre-oxidation time at higher temperature the total weight change of both thick 
and thin specimens is increasing.  
 
It is important to note that until 10 h pre-oxidation time, no difference in the oxidation rate 
observed between thick and thin specimens occurred whereas a significant change was observed 
for the specimen pre-oxidized for 50 h at higher temperature, the thin specimen exhibiting a 
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lower oxidation rate than the thick specimen. This can be explained by the Zr depletion effects in 
specimens of different thicknesses in section 5.4. 
 
The pre-oxidation times of say 10 hours or more might have a pronounced effect on the 1050 °C 
oxidation rate, however, this seems to be of no practical use because of the high weight gains, 
with corresponding extensive bulk Al depletion, occurring at 1200 °C already after relatively 
short pre-oxidation times of a few hours. 
 
 
Figure 10.1: Weight change data of thick and thin specimens of low Zr doped FeCrAlY alloy 
(alloy 1 in table 8.1, batch JJG) during 100 h two-stage oxidation with in-situ temperature 
change in air (pre-oxidation for 15 min, 1h, 10 h and 50 h at 1200 °C followed by 1050 °C 
oxidation) compared with single-stage oxidation results 
 
An important observation from figure 10.1 is that the overall weight gain after 100 h for the 
specimens pre-oxidized for 15 minutes is smaller than that of the specimen without pre-
oxidation. The weight gain after the 15 minutes oxidation at 1050 °C is obviously much smaller 
than the weight gain after the pre-oxidation of 15 minutes at 1200 °C. Consequently, the actually 
prevailing oxidation rate at 1050 °C between 15 minutes and 100 hours must be smaller for the 
pre-oxidized specimen than that of the specimen which was only oxidized at 1050 °C. A similar 
difference in oxidation rate at 1050 °C due to pre-oxidation is also apparent after 1 hour pre-
oxidation. 
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The measured apparent kp values of thick and thin specimens after 15 min., and 1 h pre-oxidation 
at 1200 °C and subsequent oxidation at 1050 °C until a final exposure time of 100 h are shown as 
function of exposure time and weight change in figure 10.2 and 10.3. The kp values are 
calculated from the weight change data in figure 10.1 and derived by differentiation of Δm2(t) 
plots. The graphs show the kp values including the pre-oxidation time. The kp values show that 
the instantaneous oxidation rate at 1050 °C immediately after the temperature change from 1200 
to 1050 °C is lower than that of the single stage oxidized specimen especially if data for the same 
oxide scale thickness are compared (figure 10.2 b and 10.3 b).  
 
The metallographic cross sections (SEM images) of thick specimens (figure 10.4) exhibit an 
increase in oxide scale thickness with increasing pre-exposure time (1 h, 10 h and 50 h) 
compared to the single-stage oxidized specimen which is in agreement with the observed weight 
change. In addition, the amount of Zr/Y rich precipitates in the alumina scale is also increasing. 
In case of thin specimens (figure 10.5) a similar trend was observed, however, after 50 h pre-
oxidation a small precipitate free zone starts to form in the inner oxide scale. This accounts for 
the slower oxidation rate observed for the corresponding specimen compared to the thick 
specimen, as already discussed in section 5.4. 
 
The difference in overall scale thickness after totally 100 h oxidation is only minor in case of the 
15 minutes pre-oxidized specimens and therefore not easily detected in the (SEM) cross sections. 
The effect of short term pre-oxidation at 1200 °C on 1050 °C oxidation might be related to a 
more rapid incorporation of RE’s into the alumina scale, lower amounts of transient oxide and/or 
a larger grain size of the oxides formed in the 1200 °C oxidation stage. 
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Figure 10.2: Measured apparent kp values of thick specimens of low Zr doped FeCrAlY alloy 
(alloy 1 in table 8.1, batch JJG) during 100 h two-stage oxidation with in-situ temperature 
change in air (pre-oxidation for 15 min and 1h at 1200 °C followed by 1050 °C oxidation) as 
function of a) exposure time b) weight change 
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Figure 10.3: Measured apparent kp values of thin specimens of low Zr doped FeCrAlY alloy 
(alloy 1 in table 8.1, batch JJG) during 100 h two-stage oxidation with in-situ temperature 
change in air (pre-oxidation for 15 min and 1h at 1200 °C followed by 1050 °C oxidation) as 
function of a) exposure time b) weight change 
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Figure 10.4: Metallographic cross-sections (SEM images) of alumina scales on “thick 
specimens” of low Zr doped FeCrAlY alloy (alloy 1 in table 8.1, batch JJG) after two-stage 
oxidation in air for totally 100 h; Pre-oxidation for a) 0 min, b) 15 min, c) 1h, d) 10 h and e) 50 h 
at 1200 °C followed by 1050 °C until end of the experiment 
 
The macro images of the corresponding thick specimens (figure 10.6) show no significant effect 
of the high temperature pre-oxidation on the oxide scale appearance up to a pre-oxidation time of 
10 h. On the other hand, a pre-oxidation of 50 h results in a substantial darkening of the oxide 
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scale. The macro images of thin specimens showed a similar trend, however, as expected from 
the results in section 5.4, the specimen pre-oxidized at 1200 °C for 50 h was found to be less 
dark than the thick specimen after the same oxidation treatment.  
 
 
Figure 10.5: Metallographic cross-sections (SEM images) of alumina oxides on “thin specimens” 
of low Zr doped FeCrAlY alloy (alloy 1 in table 8.1, batch JJG) after two-stage oxidation in air 
for totally 100 h; Pre-oxidation for a) 0 min, b) 15 min, c) 1h, d) 10 h and e) 50 h at 1200 °C 
followed by 1050 °C until end of the experiment 
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Figure 10.6: Macro images of alumina scales on “thick specimens” of Zr doped FeCrAlY alloy 
(alloy 1 in table 8.1, batch JJG) after 100 h two-stage oxidation in air (1200 and 1050 °C). Pre-
oxidation times at 1200 °C; a) 0 min., b) 15 min., c) 1h, d) 10 h and e) 50 h pre-oxidation at 1200 
°C followed by 1050 °C until end of the experiment 
 
10.3 Summary of atmosphere and temperature changing experiments 
 
Figure 10.7 shows the overall comparison of the weight changes of the low Zr-doped alloy after 
different modes (pre-exposure at higher temperature and pre-oxidation at Ar-4%H2-2%H2O) of 
oxidation at 1050 °C. From these weight change and macro image comparisons (figures 10.6 and 
10.7), it can be concluded that pre-oxidation at higher temperature (1200 °C) yields no 
significant changes in the oxide scale appearance for the 15 min., 1 h and 10 h pre-oxidation 
times. However, it plays a significant role in obtaining the darker oxide scale after 50 h pre-
oxidation at 1200 °C compared to the air oxidized specimen (without pre-oxidation) at 1050 °C. 
However, the obtained weight changes are nearly 3 times higher than those of the air oxidized 
specimens at 1050 °C. The positive effect of a higher emissivity is thus “overcompensated” by a 
substantially higher overall weight gain. The atmosphere changing experiments show that, 
although the short term pre-oxidation (1 and 7 h) in Ar-4%H2-2%H2O exhibits a low oxidation 
rate, no significant change in the oxide scale colour could be observed compared to the two-stage 
oxidation with in-situ temperature change, whereas the long term two-stage exposures (100 h Ar-
H2-H2O/100 h air) revealed formation of an interesting dark/brownish appearing alumina scale 
which possesses a higher emissivity than the scales formed after the other treatments (figure 9.8). 
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Figure 10.7: Weight change comparison of thick and thin specimens of low Zr doped FeCrAlY 
alloy (alloy 1 in table 8.1, batch JJG) after two-stage oxidation with in-situ temperature change 
experiments (1200 °C/1050 °C) and two-stage atmosphere changing experiments at 1050 °C  
 
10.4 Effect of simultaneous atmosphere and temperature changes during oxidation of low 
Zr-doped FeCrAlY alloy 
 
In order to investigate the effect of combining pre-oxidation at higher temperature in low pO2 
atmosphere followed by an exposure at 1050 °C in air on the oxidation behaviour of low Zr-
doped FeCrAlY, an experiment was performed by changing both atmosphere and temperature. A 
thick specimen was oxidized in Ar-4%H2-2%H2O at 1200 °C and subsequently the oxidizing gas 
was changed to synthetic air and the temperature changed to 1050 °C. The weight change of the 
specimen (boxed specimen in figure 10.8) is compared to all other results in figure 10.7. It shows 
that after simultaneous atmosphere and temperature changing exposure (200 h) the observed 
weight change is comparable to that of the specimen pre-oxidized at 1200 °C for 50 h followed 
by 1050 °C for 50 h (totally 100 h). However, it shows a higher weight change compared to the 
specimens after two-stage oxidation (Ar-H2-H2O/Air and Ar-H2-H2O) for totally 200 h at 1050 
°C.  
 
In addition, comparisons of the oxide scale appearances after different treatments at 1050 °C are 
shown in figure 10.9.  
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Figure 10.8: Weight change comparison of thick and thin specimens of low Zr doped FeCrAlY 
alloy (alloy 1 in table 8.1, batch JJG) after two-stage temperature changing experiments and two-
stage atmosphere changing experiments at 1050 °C (compared with combined atmosphere and 
temperature changing experimental result).  
 
 
 
Figure 10.9: Macro images of low Zr doped FeCrAlY alloy (alloy 1 in table 8.1, batch JJG) after 
different oxidation treatments at 1050 °C; a) 50 h pre-oxidation at 1200 °C followed by 1050 °C 
for 50 h, b) 100 h pre-oxidation at Ar-H2-H2O followed by 100 h oxidation in air, c)200 h 
oxidation in Ar-H2-H2O, d) 100 h pre-oxidation in Ar-H2-H2O at 1200 °C followed by 100 h 
oxidation in air at 1050 °C 
50 h 1200 °C 
+ 
50 h 1050 °C 
100 h Ar-H2-H2O 
+ 
100 h Air 
200 h   
Ar-H2-H2O 
 
100 h Ar-H2-H2O (1200 °C)  
+ 
100 h Air  (1050 °C) 
Brownish 
alumina  
a) b) c) d) 
0
0.5
1
1.5
2
2.5
S
in
gl
e-
st
ag
e 
ox
id
at
io
n
15
 m
in
. p
re
-o
xi
da
tio
n 
at
 1
20
0 
°C
1h
 p
re
-o
xi
da
tio
n 
at
 1
20
0 
°C
10
h 
pr
e-
ox
id
at
io
n 
at
 1
20
0 
°C
50
 h
 p
re
-o
xi
da
tio
n 
at
 1
20
0 
°C
1 
h 
at
 A
r-
4%
H
2-
2%
H
2O
7 
h 
Ar
-4
%
H
2-
2%
H
2O
A
r-
4%
H
2-
2%
H
2O
 +
 s
yn
.a
ir
A
r-
4%
H
2-
2%
H
2O
Te
m
p.
 &
 a
tm
. c
ha
ng
in
g 
ex
pt
.
W
e
ig
h
t 
g
a
in
 [
m
g
/c
m
2
] thick specimens (1.2 mm)
thin specimens (0.2 mm)
100 h 200 h 
(1
20
0°
C
(A
r-H
2
-H
2
O
)/ 
10
50
°C
(s
yn
.a
ir)
)
  184 
It can be seen that the specimens pre-oxidized at 1200 °C for 50 h followed by oxidation at 1050 
°C for 50 h possess a very dark oxide scale (figure 10.9 a). The specimen oxidized for 200 h in 
two-stage atmosphere (Ar-4%H2-2%H2O/Air) at 1050 °C revealed a dark, brownish oxide scale 
(figure 10.9 b). The specimens oxidized for 200 h in Ar-4%H2-2%H2O at 1050 °C (figure 10.9 c) 
and that subjected to simultaneous atmosphere/temperature change (figure 10.9 d) showed a less 
dark oxide scale compared to the other treatments. 
 
10.5 Summarising atmosphere and temperature changing experiments 
 
The results of chapter 8-10 can be summarized as follows: 
 
Oxidation in low and high pO2 gas 
 
The results of the low Zr doped alloy (alloy 1, batch JJG) after 100 h isothermal oxidation in Ar-
4%H2-2%H2O (low pO2 atmosphere) showed thinner oxide scales than after air exposure. 
Additionally, the scale/alloy interface on the specimen oxidized in Ar-4%H2-2%H2O shows a 
more pronounced wavy morphology as well as a darker oxide scale appearance than that after air 
oxidation. An important difference between the specimens oxidized in air and Ar-4%H2-2%H2O 
is the concentration of Fe and Cr in the outer part of the oxide scale. For the specimen oxidized 
in Ar-4%H2-2%H2O relatively high values (approximately 3 at %) of the mentioned elements 
were in some cases found. 
 
Pre-oxidation in low pO2 followed by high pO2 exposure 
 
Changing the oxidizing atmosphere from low to high pO2 atmosphere exhibited a significant 
change in the oxide scale appearance after long term exposure (200 h). In case of 1050 °C, a 
brownish alumina scale was obtained after 100 h oxidation in Ar-H2-H2O followed by 100 h air 
oxidation. The measured emissivity of the corresponding specimen showed a higher value than 
the specimen oxidized single stage in Ar-H2-H2O atmosphere or after discontinuous air 
oxidation. 
 
During the pre-oxidation in Ar-H2-H2O the amount of Fe and Cr in the outer alumina scale tends 
to increase in the transient stage of oxidation and the second stage offers the possibility to obtain 
Fe- and/or Cr-rich oxide in the outer part of the alumina scale during subsequent air oxidation 
resulting in a longer-lasting dark appearance of the surface oxide scale and thus high emissivity. 
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An important finding was, that short term (1 h and 7 h) pre-oxidation at 1050 °C in low pO2 gas 
did not have a substantial effect on appearance of the oxide formed during the subsequent air 
oxidation. However, the low pO2 pre-oxidation substantially decreased the scale growth rate 
prevailing during the subsequent air exposure. Thus, this approval may offer a way to increase 
the life time of heating elements, without changing oxide emissivities. 
 
Pre-oxidation at 1200 °C followed by 1050 °C exposure 
 
The two-stage temperature changing experiments revealed no significant change in the oxide 
scale appearance after short term pre-oxidation at 1200 °C. However, indications were found that 
the short time (15 min., 1 h) pre-oxidation resulted in a decrease of the oxidation rate during the 
subsequent 1050 °C exposure. A darker alumina scale was formed after 50 h pre-oxidation 
(followed by 50 h at 1050 °C) at 1200 °C in air for thick specimen, whereas a slightly less dark 
alumina scale was obtained for the thin specimen after 50 h pre-oxidation. The reason for this 
reduction in oxide scale darkness is related to the precipitate free zone obtained in the inner part 
of the oxide scale. It is important to note that the specimens pre-oxidized for 50 h at 1200 °C 
exhibited nearly three times higher weight gain than the single-stage 1050 °C oxidized 
specimens. The advantage of a higher emissivity is thus “overcompensated” by the adverse effect 
of a substantially thicker oxide after a given time. 
 
 
Atmosphere and temperature changing exposure 
 
The results of the specimen oxidized at higher temperature in low pO2 atmosphere (1200 °C in 
Ar-H2-H2O) for 100 h followed by a simultaneous change of temperature as well as oxidizing 
atmosphere (1050 °C in air) for 100 h showed a dark oxide scale, however, the oxide scales 
obtained from other treatments show substantially darker scales (figure 10.9) than that of the 
simultaneous atmosphere and temperature changed exposure. 
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11 Resistance heating furnace exposures 
 
As explained in section 3, the overall philosophy of the present investigations was to increase the 
emissivity of alumina surface scales on heating elements fabricated from FeCrAl base alloys by 
modified alloy composition and/or specific heat treatment. By the higher emissivity a given 
power output can be obtained at a lower heating element temperature which should result in a 
substantial increase in life time of the heating elements. 
 
To check the suitability of this approach, a series of resistance heating tests with 50 µm thick 
heating element foils were carried out using a number of alloys which, according to the results in 
the previous sections, should exhibit substantial differences in emissivities of the alumina scales 
formed on the surfaces of the 50 µm foils. 
 
The experimental results of chapters 6 revealed that increasing the Zr content in the FeCrAlY 
alloy is a promising route to obtain the alumina scales with increased emissivity especially in 
thin specimens.  
 
Three different FeCrAlY-base alloys with a variation in Zr content (0.05, 0.14 and 0.24 wt.%) 
were tested in a resistance heating test facility. The choice of alloys to be tested was based on the 
experimental findings as well as the availability of materials in the suitable shape for testing in 
the prevailing test facility. The compositions of the alloys are listed in table 11.1. A commercial, 
low Zr alloy (Aluchrom YHf) was taken as reference and the changes in operating temperature 
were monitored as a function of exposure time. 
 
The resistance heating tests were carried out in computer controlled test equipment manufactured 
by SOMA GmbH, Ludenscheid. Further details of the equipment were described in section 4.3.4. 
Thin foils of 50 µm thickness, 6 mm width and 30 cm length were tested for a period of 80 h.  
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Y Zr Ti Hf Mn
alloy 8 / MBP Aluchrom Y Hf 0.06 0.05 0.005 0.03 0.2
alloy 2 / MBM Medium Zr 0.06 0.14 < 0.01 0.04 < 0.01
alloy 7 / NKJ high Zr 0.07 0.24 0.07 < 0.01 0.24
Alloy / batch Alloy type
Composition (wt.%)
 
 
Table 11.1: Chemical compositions of the alloy foils (50 µm thickness) used for the resistance 
heating tests 
 
The experiments were carried out in the constant power mode, i.e. recording foil temperature 
under constant power. Exposures were performed for 6 h “on” and 15 min. “off”. The observed 
results (figure 12.5) as a function of exposure time showed a higher surface temperature (~ 1050 
°C) for Aluchrom YHf and a significant reduction in temperature (~ 1000 °C) for the medium Zr 
alloy, whereas the high Zr alloy exhibited a further reduction in the operating temperature (~ 950 
°C). The power produced by the resistance heating tests (experimental data presented in Figure 
11.1) can be equated to emissivity according to the Stefan-Boltzmann equation as mentioned in 
section 2.4.1. Table 11.2 summarizes the results presented in Figure 11.1 showing calculated 
emissivity values for the three tested alloys. The ambient temperature (Tu) was taken as 20°C and 
the Stefan-Boltzmann constant as 5,6710-8 W/m2K4. The calculated emissivity values show that 
with increasing Zr content in case of FeCrAlY alloys higher emissivities appear. The obtained 
results for all three alloys are in good agreement with the data presented by Hattendorf [82] and 
with data presented in the present study obtained with the hemispherical reflectance method   
(see table 5.2).   
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Figure 11.1: Variation in temperature during the constant power resistance heating test of 
Aluchrom YHf as well as the medium and high Zr alloys 
 
 
Alloy/batch Alloy type Average 
power 
[W] 
Average operating 
temperature of the 
heating element 
[°C] 
Calculated average 
emissivity 
Alloy 8 / MBP Aluchrom YHf 411,39 1062,88 0,66 
Alloy 2 / MBM Medium Zr 361,04 1000,28 0,71 
Alloy 7 / NKJ High Zr 356,11 949,82 0,83 
 
Table 11.2: Calculated emissivity values taking into account experimental data presented in 
Figure 11.1 using Stefan-Boltzmann equation (compare section 2.4.1) 
 
The macro images (figure 11.2) of the foils show a slightly darker scale for the medium and high 
Zr alloys compared to the commercial alloy Aluchrom YHf. Besides, in case of the low Zr alloy 
(Aluchrom YHf) an enhanced plastic deformation of the specimen could be found (figure 11.2, 
left picture). This is not the case for the medium and high Zr containing alloys (figure 11.2, 
middle and right picture). Echsler et al. [93] have shown that during resistance heating tests 
specimens subjected to rapid thermal cycles revealed shorter life times than expected for 
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specimens subjected to isothermal exposure. The authors concluded that the life time decrease is 
related to plastic deformation resulting in an “hour glass” waviness of the specimens, which 
develops during prolonged thermal cycling. The development of the “hour glass” waviness 
strongly depends on the number of cycles and on the plastic deformation generated during each 
cycle rather than on the total time at temperature. The authors also found additional deformation 
phenomena like “hot tube” or “corkscrew” behaviour occuring during the resistance heating 
tests. These are related to a temperature gradient that develops over the specimen width due to 
the poor aspect ratio of the specimens. The occurrence of this life time decreasing effect was 
more pronounced at higher temperatures. 
 
As all three specimens presented in this chapter were exposed under the same cyclic conditions 
at constant power, the strong mechanical deformation found for the Aluchrom YHf specimen 
must be related to a higher exposure temperature of the specimen compared to the medium and 
high Zr containing alloys. Based on the findings in the previous sections these differences in 
temperature are related to differences in emissivity of the formed oxide scales. This explains the 
shorter lifetime for the Aluchrom YHf specimen compared to both specimens of the alloys with 
higher Zr concentrations.      
 
 
Figure 11.2: Macro images of the resistance heat tested foils of Aluchrom Y Hf, medium and 
high Zr doped alloys after 100 h at constant power exposure 
 
 
 
 
 
 
 
 
Aluchrom Y Hf Medium Zr High Zr 
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12 Summary and Conclusions 
 
FeCrAl based alloys are well known for their oxidation resistance even at very high service 
temperatures. However, the formation and continuous growth of the protective surface oxide 
scale during high temperature exposure results in a decrease of the aluminium reservoir in the 
alloy matrix, the process being more pronounced in thin components. Additionally, the 
aluminium reservoir may be affected by scale spallation from the alloy substrate under thermal 
cycling conditions. During long term exposure the continuing scale growth, spallation and re-
growth of the protective alumina scale may lead  to complete exhaustion of the Al reservoir and 
consequently to the formation of non-protective oxides resulting in failure of the component. 
 
Minor additions of certain reactive elements, particularly yttrium, are known to influence the 
oxide growth rate and spallation resistance of FeCrAl alloys. A typical composition of Fe-20Cr-
5Al-0.05Y is commonly used for thin foil heating element (50 – 200 µm) application. Although 
this type of alloy possesses excellent oxidation resistance, the life time of the thin components at 
temperatures in the range 1000 – 1200 °C is limited due to the small Al-reservoir. Increasing 
component thickness and aluminium content to extend the life time is restricted due to design 
requirements. 
 
The present investigation estimates the suitability of a concept of increasing the emissivity of 
alumina surface scales for extending the life time of heating elements fabricated from FeCrAl 
base alloys. By the higher emissivity a given power output can be obtained at a lower heating 
element temperature which results in a substantial increase in life time of the heating elements. A 
number of approaches have been evaluated with a number of alloys in the temperature range 
between 1050 and 1200 °C using specimens of different thicknesses (0.2 and 1.2 mm). The 
results of the oxidation studies, extensive microstructural analysis and emissivity measurements 
reveal that: 
 
The addition of Zr in minor quantities (0.03 wt.%) leads to formation of a wavy oxide scale 
morphology (interface) and the alumina scale contains Zr rich oxide precipitates accompanied by 
substantial microporosity.  This oxide morphology leads to a dark appearing alumina scale with 
high emissivity. The incorporation of Zr rich oxide particles in the alumina scale is caused by 
embedding of internal Zr oxide particles in the inwardly growing alumina scale. However, the 
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increased emission coefficient tends to be lost after long term service at higher temperatures 
especially in thin components due to the fact that during the oxidation process zirconium 
becomes depleted in the bulk alloy. This results in formation of a precipitate free zone in the 
scale and a flat oxide scale/alloy interface. After this complete Zr-depletion the alloy behaves 
similar as a Zr-free Y-doped alloy.  
 
The effect of higher Zr concentrations on the scale formation mechanisms of the FeCrAlY alloys 
shows that a moderate increase of Zr content (0.14 wt.%) in the alloy seems to be a promising 
route for obtaining a significant effect on the oxide scale emissivity. However, the increase of 
emissivity is accompanied by an undesired rapid increase of the oxidation rate and especially by 
an extensive internal oxidation zone for thick specimens.  
 
High Zr additions (0.23 wt.%) to the FeCrAlY result in a strong internal oxidation for both thick 
and thin specimens. The emissivity measurements show for the high Zr-alloy a higher emissivity 
value than for the low Zr doped alloy. The extensive analytical results and the measured 
emissivity values reveal that the presence of Mn may result in a major change of the oxide scale 
emissivity by forming Mn-rich spinel phase on the oxide surface. However, the Mn-enrichment 
starts to vanish with increasing oxidation temperature.  
 
An important point to mention is that the increase of Zr content in the alloy has a positive effect 
on the oxide scale emissivity but an adverse effect in terms of oxidation kinetics. The observed 
large difference in the weight change between high and low Zr doped alloy reveals an undesired 
rapid increase of the oxidation rate (“Over-doping”) in case of thick specimens of the higher-Zr 
doped alloy. However, the present studies clearly reveal that the extent of internal oxidation and 
accompanying high scale growth rate is not only governed by the alloy Zr concentration but also 
by the Zr reservoir in the component, i.e. it decreases with decreasing component thickness. The 
envisaged application of the studied alloys in heating elements requires the use of thin foils 
typically with a thickness in the range of 50 – 200 µm. In these very thin components the limited 
Zr reservoir presents substantial internal oxidation even in case of alloys with high Zr content. 
Therefore, an optimized high Zr content might be a promising concept for obtaining higher oxide 
scale emissivities for this kind of application.  
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Addition of other oxygen active elements, such as Hf and / or Ti, instead of Zr to the FeCrAlY 
alloy results in lower oxide growth rates compared to the low Zr doped FeCrAlY alloy, 
especially in the thick specimens at higher temperatures.  
 
In case of a low Hf doped alloy (0.03 wt.%) the oxidation experiments after 500 h exhibit a 
slower Hf mobility in the alloy matrix compared to that of Zr. The experimental observations 
show that this is not only related to the higher thermodynamic stability of Hf-oxide compared to 
Zr-oxide but also due to the smaller diffusion coefficient of Hf compared to that of Zr in the 
alloy matrix. Hence, a smaller effect was obtained for the low Hf doped alloy concerning oxide 
scale emissivity. However, due to the slower incorporation of Hf into the oxide scale, one might 
assume that the slight increase in emissivity is retained up to longer exposure times.     
  
The minor additions of Ti (0.031 wt.%) together with low Hf resulted in similar oxidation 
behaviour like that of a Ti-free low Hf alloy. In case of a high Ti-doped alloy (0.64 wt.%) a 
Ti/Hf-rich layer was observed at top of the oxide scale on both thick and thin specimens. 
However, this type of oxide scale morphology showed no significant improvement in emissivity 
compared to that of oxide scales on the low Zr-doped alloy.  
 
Further studies related to oxidation in H2/H2O containing gas for obtaining oxides with higher 
emissivity on the low-Zr doped alloy. Oxidation in Ar-4%H2-2%H2O, (low pO2) results in 
thinner oxide scales than during air exposure. Additionally, the scale/alloy interface on the 
specimens of the low Zr alloy shows a much more pronounced wavy morphology as well as a 
darker oxide scale appearance than that found after air oxidation. An important difference 
between the specimens oxidized in air and Ar-4%H2-2%H2O is the concentration of Fe and Cr in 
the outer part of the oxide scale. For the specimens oxidized in Ar-4%H2-2%H2O relatively high 
values of the mentioned elements were found.  
 
A suitable pre-treatment in a H2–H2O base atmosphere affects the morphology of the scale/alloy 
interface and the scale composition resulting in a darker scale appearance than found after air 
exposure. Additionally, pre-treatment in a H2–H2O containing atmosphere allows increasing the 
Fe content in the outer alumina layer resulting in a change of the surface scale colour during 
subsequent air exposure from dark grey to brownish, resulting in a further increase of the 
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emissivity. This effect is most probably due to further oxidation of Fe originating from the 
transient oxidation in the outer part of scale. 
 
An important finding was that pre-treatment in Ar-4%H2-2%H2O for 1-7 hours at 1050 °C 
resulted in a decrease in growth rates during the subsequent air exposure. This finding offers a 
promising approach for life time extension without change in emissivity. 
 
The results of pre-oxidation at high temperature in air (1200 °C) followed by low temperature 
(1050 °C)  exposure in air show no significant improvement in the oxide scale appearance in 
case of short term pre-oxidation (15 min. and 1 h). However, indications were found that the 
short time pre-oxidation at 1200 °C resulted in a substantial decrease in growth rate of the 
alumina scale during the subsequent exposure at 1050 °C. An optimized short term pre-oxidation 
might thus be a suitable approach to extend the service life of thin walled components at 1050 
°C, not due to higher emissivity but due to slower oxide growth rate. Long time pre-oxidation 
(50 h) resulted in formation of a darker alumina scale for thick specimens. It is, however, 
important to note that the specimens pre-oxidized for 50 h at 1200 °C exhibit nearly three times 
higher weight gains than the single-stage oxidized specimens whereas the pre-treatment in a Ar-
4%H2-2%H2O shows a lower weight gain in combination with a much darker oxide scales. 
 
Resistance heating tests (constant power) with 50 µm thick heating element foils for a number of 
selected alloys revealed the suitability of increasing emissivity of alumina surface scales for life 
time extension. The emissivity measurements of the oxidized medium and high Zr doped alloys 
compared to a commercial, low Zr doped alloy proves that a significant reduction in the 
operating temperature is possible by increasing the emissivity of alumina scales. By increasing 
emissivity, a reduction in operating temperatures for medium and high Zr alloys was shown 
compared to a reference commercial low Zr alloy.  
 
As an evidence for increased emissivity and resulting reduction in operating temperature the 
alloy foils of the medium and high Zr alloys retained their original shape up to the maximum test 
time of 80 h. This is in contrast to a commercial low Zr alloy which exhibited a hour glass 
waviness due to strong mechanical deformation. From previous studies this behavior is shown to 
be related to high upper temperatures during resistance heating thermal cycling. Obviously the 
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medium and high Zr doped alloys are not subjected to this strong mechanical deformation as a 
result of a reduction in operating temperature resulting in an extended life time. 
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14 Appendix 
 
Table 14.1: Chemical compositions of the studied alloys.  
 
 
only Y 
Material Y Zr+Ti Zr+Hf Zr+Hf Hf Hf+Ti Y+Ti
Batch FTG JJG MPG MPP JJC JJH NEK
Supplier Armines Armines
 Krupp 
VDM
 Krupp 
VDM Armines Armines
MPIE, 
Düsseldorf
Fe bal. bal. bal. bal. bal. bal. bal.
Cr 19.7 20.8 21.2 20.3 19.8 20.2 18.7
Al 4.88 5 5.2 5.4 4.9 5 5.09
Mn — < 0.002  < 0.01 0.24 < 0.002 < 0.002 0.043
Si — < 0.005 0.18 0.2 < 0.005 < 0.005 0.02
Y 0.05 0.05 0.06 0.07 0.053 0.05 0.026
Zr — 0.031 0.14 0.23 < 0.005 < 0.005 < 0.01
Ti — 0.033 < 0.01 < 0.01 < 0.005 0.031 0.64
Hf — < 0.01 0.04 0.06 0.03 0.029 0.035
C 0.0098 0.011 0.014 0.018 0.008 0.007 —
S 0.001 0.003 — 0.002 0.002 0.004 —
N 0.001 0.0006 — 0.004 < 0.0005 < 0.0005 —
Mg — < 0.002 — 0.003 < 0.002 < 0.002 < 0.005
 O 0.001 0.0016 — — 0.0014 0.0014 —
 P 0.0083 < 0.01 — — < 0.01 < 0.01 < 0.01
Ca — < 0.005 — — < 0.005 < 0.005 —
 V 0.0083 < 0.005 — — < 0.005 < 0.005 —
Nb — < 0.01 — — < 0.01 < 0.01 —
Mo — < 0.005 — — < 0.005 < 0.005 —
Cu — < 0.005 — — < 0.005 < 0.005 —
Co — < 0.005 — — < 0.005 < 0.005 —
Ni — < 0.005 — — < 0.005 < 0.005 —
Ta — < 0.01 — — < 0.01 < 0.01 —
W — < 0.01 — — < 0.01 < 0.01 —
La — < 0.01 — — — — —
Zr - doped alloys Hf - doped alloys
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